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ABSTRACT
T h e  l a m i n a r  l e n g t h  o f  a  s u b m e r g e d ,  a x i s y m m e t r i c  j e t  
o f  a  p s e u d o p l a s t i c  f l u i d  i s  i n v e s t i g a t e d  e x p e r i m e n t a l l y .  A 
f l o w  v i s u l a i z a t i o n  t e c h n i q u e  i s  u s e d ,  m a k i n g  u s e  • o f  t h e  
b i r e f r i n g e n t  p r o p e r t y  o f  t h e  f l u i d  a n d  a  p o l a r i s c o p e .  T h e  
m a i n  v a r i a b l e s  o f  i n t e r e s t  a r e  l e n g t h  t o  d i a m e t e r  r a t i o  o f  
t h e  t u b e ,  R e y n o l d s  n u m b e r  a n d  f l u i d  c o n c e n t r a t i o n .
T h e  d a t a  o b t a i n e d  i n  t h e  p r e s e n t  s t u d y  i s  u s e d  t o
o b t a i n  a  c o r r e l a t i o n  f o r  l a m i n a r  l e n g t h  i n  t e r m s  o f
R e y n o l d s  n u m b e r  a n d  l e n g t h  t o  d i a m e t e r  r a t i o  o f  t h e  s u p p l y  
t u b e .  T h e  e m p i r i c a l  r e l a t i o n  i s
Nl  = 1 . 3 8  x 1 0 5 R e ' 1 ' 8 9 ' ( £/ d ) 0 ' 7 8  ' -
f o r  4 5 0  < Re  < 1 3 0 0  a n d  70  < V d  < 210
t *
F o r  t h e  a b o v e  m e n t i o n e d  r a n g e s  o f  Re  a n d  ‘V d ,  i t  i s  
o b s e r v e d  t h a t  t h e  l a m i n a r ,  l e n g t h  o f  t h e  j e t  i n c r e a s e s *  w i t h
( a )  i n c r e a s i n g  l e n g t h  t o  d i a m e t e r  r a t i o  o f  t h e  t u b e
( b)  d e c r e a s i n g  R e y n o l d s  n u m b e r .
T h e  e x p e r i m e n t a l  f a c i l i t y  i s  a l s o  u s e d  a s  a 
" f a l l i n g  h e a d ’  c a p i l l a r y  v i s c o m e t e r .  V i s c o s i t y  d a t a  i s
t a k e n  s i m u l t a n e o u s l y  w i t h  t h e  l a m i n a r  l e n g t h  m e a s u r e m e n t s .
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CHAPTER I  
INTRODUCTION
T h e  p r e s e n t  w o r k  i s  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  - 
o f  t h e  n a t u r a l  l a m i n a r  l e n g t h  o f  a n  a x i s y m m e t r i c ,
s u b m e r g e d ,  n o n - N e w t o n i a n  j e t .  Whe n  a  f l u i d  e x i t s  f r o m  a
s u p p l y  t u b e  i n t o  a  m a s s  of* t h e  s a m e  f l u i d ,  i t  i s  c a l l e d  a
s u b m e r g e d  j e t .  D o w n s t r e a m  o f  t h e  e x i t ,  t h e  j e t  c o n t i n u e s  
t o  b e  l a m i n a r  t o  s o m e  . d i s t a n c e ,  b e y o n d  w h i c h  i t  b e c o m e s
u n s t a b l e  c a u s i n g  t r a n s i t i o n  t o  t u r b u l e n t  f l o w .  T h e
d i s t a n c e  f r o m  t h e  t u b e  e x i t  t o  t h e  l a m i n a r  t o  t u r b u l e n t '  
t r a n s i t i o n  p o i n t  i s  t e r m e d  a s  t h e  n a t u r a l  l a m i n a r  l e n g t h  o f  
t h e  j e t  ( f i g u r e  1 .1) . -  A t  l o w  R e y n o l d s  n u m b e r ,  t h e
t r a n s i t i o n  t o  t u r b u l e n t  f l o w  m a y  b e  a b s e n t ,  i n  w h i c h  c a s e
t h e  l a m i n a r  l e n g t h  - i s  t h e  l e n g t h  a f t e r  w h i c h  t h e  j e t
d i f f u s e s  c o m p l e t e l y  i n t o  t h e  s u r r o u n d i n g  f l u i d .
D e p e n d i n g  u p o n  t h e  R e y n o l d s  n u m b e r  i n  t h e  t u b e ,  t h e  
j e t  m a y  b e  e i t h e r  f u l l y  l a m i n a r ,  l a m i n a r - t u r b u l f e n t  o r  f u l l y  
t u r b u l e n t .
T h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s  i s  o n  t h e  f u l l y  
l a m i n a r  a n d  l a m i n a r - t u r b u l e n t  j e t s .  T h e  n o n - N e w t o n i a n  
f l u i d  u s e d  i s  a n  a q u e o u s  . s o l u t i o n  o f  a n  o r g a n i c  d y e  p o w d e r ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
commercially  known as M il l ing  Yellow.
In t h e  c a s e  o f  Newtonian f l u i d s  t h e  o b s e r v a t io n  o f  
t h e  r a te  o f  f lo w  a t  a s i n g l e  p r e s s u r e  drop a c r o s s  the  
c a p i l l a r y  i s  s u f f i c i e n t  t o  d e f i n e  t h e  f low  b eh av iou r .  In 
th e  c a s e  o f  non-Newtonian f l u i d s ,  however,  a range  o f  shear  
s t r e s s e s  must be employed, and t h i s  i s  u s u a l ly  o b ta in ed  by
v
v a r y i n g  t h e  p r e s s u r e  d r o p .  T h e  a p p a r a t u s  u s e d  f o r  t h i s  
e x p e r i m e n t  c o v e r s  a  w i d e  s h e a r  s t r e s s  r a n g e  i n  a  s i n g l e  
e x p e r i m e n t .  T h e  v i s c o s i t y  i s  d e t e r m i n e d  u s i n g  t h e  
e x p e r i m e n t a l  f a c i l i t y  a s  a  " f a l l i n g  h e a d "  c a p i l l a r y  
v i s c o m e t e r  i n  c o n j u n c t i o n  w i t h  a  n o n - l i n e a r  p a r i f c e t e r  
e s t i m a t i o n  t e c h n i q u e .  T h e  b i r e f r i n g e n t  c h a r a c t e r i s t i c  o f  
t h e  f l u i d  i s  e x p l o i t e d  i n  a  f l o w  v i s u a l i s a t i o n - ' ' " t e c h n i q u e  
u s i n g  a  p o l a r i s c o p e  t o  m e a s u r e  t h e  l a m i n a r  l e n g t h  o f  t h e  
j e t .  B i r e f r i n g e n c e  i s  a n  o p t i c a l  c h a r a c t e r i s t i c  o f  t h e  
m e d i u m  w h i c h  m a k e s  t h e  f l u i d  d o u b l y  r e f r a c t i n g  w h e n  
s t r e s s e d .
1.1 OBJECTIVES
T h e  p u r p o s e  o f  t h e  p r e s e n t  w o r k  c o m p r i s e s  o f :
( 1 ) t o  s t u d y  t h e  v a r i a t i o n  o f  t h e  l a m i n a r  l e n g t h  
o f  a  s u b m e r g e d ,  a x i s y m m e t r i c  j e t  o f  n o n - N e w t o n i a n  f l u i d  a s  
a  f u n c t i o n  o f  R e ,  f l u i d  c o n c e n t r a t i o n  a n d  t h e  l e n g t h  t o  
d i a m e t e r  r a t i o ,  ? - /d ,  o f  t h e  c a p i l l a r y  t u b e  a n d  h e n c e  t o  
c o r r e l a t e  t h e  n o n - d i m e n s i o n a l  n a t u r a l  l a m i n a r  l e n g t h ,  N ,L i
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w i t h  R e ,  f l u i d  c o n c e n t r a t i o n  a n d  t h e  g e o n J f t r i c  v a r i a b l e s .
n o n - N e w t o n i a n  f l u i d  w i t h  s h e a r  r a t e  u s i n g  t h e  t e s t  f a c i l i t y
\
a s  a  c a p i l l - a r y  v i s c o m e t e r  i n  c o n j u n c t i o n  w i t h  a  n o n - l i n e a r  
p a r a m e t e r  e s t i m a t i o n  t e c h n i q u e ,  c o n c u r r e n t l y  w i t h  t h e  
l a m i n a r  l e n g t h  m e a s u r e m e n t s .
1.'2 RELEVANCE OF THE STUDY
M o s t  o f  t h e  f l u i d s  e n c o u n t e r e d  i n  t h e  c h e m i c a l , *  
p h a r m a c e u t i c a l ,  p e t r o l e u m  a n d  f o o d  i n d u s t r i e s ;  a n d  m a n y  
b i o l o g i c a l  f l u i d s  a r e  n o n - N e w t o n i a n  i n  n a t u r e .  T h e r e f o r e  
a n  a t t e m p t  i s  m a d e  t o  e n h a n c e  t h e  u n d e r s t a n d i n g  o f  
n o n - N e w t o n i a n  f l u i d  f l o w s .
i n  t h e  d e s i g n  o f  f l u i d i c  d e v i c e s  s u c h  a s  t h e  t u r b u l e n c e  
a m p l i f i e r .  I t  r e l i e s  o n  t h e  d i s r u p t i o n  o f  a  l a m i n a r  - m a i n  
j e t  b y  a  s m a l l  a c t u a t i n g  s i g n a l  t h a t  c o n s i s t s  o f  a
i n f o r m a t i o n  c o n c e r n i n g  t h e  . s t a b i l i t y  o f  t h e  m a i n  j e t  i s  
r e q u i r e d .  As  a n u m b e r  o f  c u r r e n t  o r  p o t e n t i a l  a p p l i c a t i o n s  
o f  t h e  t u r b u l e n c e  a m p l i f i e r  r e q u i r e  o p e r a t i o n  w i t h  
n o n - N e w t o n i a n  f l u i d s ,  t h e  i n f o r m a t i o n  on  t h e  v a r i a t i o n  o f  
l a m i n a r  l e n g t h  w i t h  Re  a n d  V d  w i l l  h e l p  t o  d e t e r m i n e  t h e  
f e a s i b i l i t y  a n d  p r o p e r  f u n c t i o n i n g  o f  t h e s e  d e v i c e s .
( 2 ) t o  o b t a i n  t h e  v a r i a t i o n  o f  t h e  v i s c o s i t y  o f  t h e
T h e  r e s u l t s  o f  t h e  p r e s e n t  s t u d y  f i n d  a p p l i c a t i o n
t r a n s v e r s e  c o n t r o l  j e t . F o r  i t s  s u c c e s s f u l  d e s i g n
/
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4
CHAPTER I I  
LITERATURE SURVEY
T h e  m a t e r i a l  p r e s e n t e d  h e r e  b r i e f l y  s u m m a r i z e s  t h e  
e x i s t i n g  l i t e r a t u r e  p e r t i n e n t  t o  t h e  b i r e f r i n g e n t  p r o p e r t y  
o f  a n d  t h e  e x p e r i m e n t s  d o n e  w i t h  t h e  M i l l i n g  Y e l l o w  
s o l u t i o n .  T h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  v i s c o s i t y  a n d  
l a m i n a r  l e n g t h  o f  N e w t o n i a n  a n d  n o n - N e w t o n i a n  j e l ^ i s  a l s o  
i n c l u d e d .
v
T h e  n o n - N e w t o n i a n  f l u i d  u s e d  i n  t h e  p r e s e n t  
e x p e r i m e n t  i s  a  s o l u t i o n  p r e p a r e d  b y  m i x i n g  M i l l i n g  Y e l l o w  
p o w d e r  w i t h  d i s t i l l e d  w a t e r .  Ma n y  i n v e s t i g a t o r s  h a v e  
s t u d i e d  _ i t s  v a r i o u s  p h y s i c a l ,  c h e m i c a l ,  o p t i c a l  a n d  
T h e o l o g i c a l  p r o p e r t i e s .
I n  a  s t u d y  o f  t h e  c o l l o i d a l  s u s p e n s i o n  p r o p e r t i e s  
o f  M i l l i n g  Y e l l o w ,  S w a n s o n  a n d  G r e e n  ( S2 )  r e p o r t e d  t h a t  i t  
i s  a n  o r g a n i c  p o w d e r  c o n t a i n i n g  60% t o  65% d y e s t u f f  a n d  t h e  
r e s t  m o s t l y  s o d i u m  c h l o r i d e  a n d  s o d i u m  s u l p h a t e  w i t h  s o m e  
s o d i u m  a c e t a t e .  I t s  m o l e c u l a r  w e i g h t  i s  7 9 2  a n d  d e n s i t y  i s  
1 5 8 0  k g / m ^ .  I t s  s o l u t i o n s  a r e  h o m o g e n e o u s  c o l l o i d a l  
c r y s t a l l i n e  p r e c i p i t a t e s  o f  r o d  l i k e  r h o m b i c  c r y s t a l s .
H u i  P i h  (H2)  r e v i e w e d  b i r e f r i n g e n t  f l u i d  f l o w  a n d
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mentioned th e  p o p u la r i t y  o f  Mill ing Yellow fo r  b i r e f r i n g e n t  
f low  i n v e s t i g a t i o n s .  He a l s o  s t a t e d  t h a t  a Mil l ing Yellow 
s o l u t i o n  e x h i b i t s  non-Newtonian c h a r a c t e r i s t i c s  in  g e n era l  
and i s  not v i s c o e l a s t i c .
P ee b les  e t  a l  (PI) were th e  f i r s t  i n v e s t i g a t o r s  to  
use  Mil l ing Yellow as a b i r e f r i n g e n t  f l u i d .  They used th e  
f l u i d  b i r e f r in g e n c e  fo r  a q u a n t i t a t i v e  a n a l y s i s  o f  a
s t e a d y ,  laminar f low .
Prados (P3) used Mil l ing Yellow f o r  t h e  a n a l y s i s  of  
tw o-d im ens ion a l  laminar f lo w s .  Be-' used a s t r e s s - o p t i c  
r e la t io n s h ip  to  determ ine  the  v e l o c i t y  p r o f i l e s  from th e  
photographs  o f  the  f r i n g e  p a t te r n s .
E i r s c h  ( E l )  m e a s u r e d  v e l o c i t y  p r o f i l e s  i n  a 
d i v e r g i n g  d u c t  u s i n g  t h e  b i r e f r i n g e n t  f l o w  v i s u a l i z a t i o n  
t e c h n i q u e .  He  s h o w e d  t h a t  a M i l l i n g  Y e l l o w  s o l u t i o n .  
b e h a v e d  a s  a  N e w t o n i a n  f l u i d  i n  v e r y  l o w  a n d  h i g h  s h e a r  
r a t e  r a n g e s ,  a n d  i n  a  n o n - N e w t o n i a n  m a n n e r  f o r  a m o d e r a t e  
s h e a r  r a t e  r a n g e .  T h i s  r a n g e  v a r i e d  w i t h  d y e  c o n c e n t r a t i o n  
a n d  t e m p e r a t u r e .  He  a l s o  g a v e  a  c o m p l e t e  d i s c u s s i o n  o f  t h e  
p r e p a r a t i o n  o f  M i l l i n g  Y e l l o w  s o l u t i o n .
M a r o n  e t  a l  ( Ml )  d e s c r i b e d  a c o n v e n i e n t ,  a b s o l u t e  
a n d  a c c u r a t e  m e t h o d  t o  s t u d y  t h e  f l o w  b e h a v i o u r  o f  
n o n - N e w t o n i a n  f l u i d s .  I n  t h i s  m e t h o d  a f a l l i n g  m e r c u r y  
c o l u m n  i s  u s e d  t o  f o r c e  t h e  s a m p l e  t h r o u g h  a  c a p i l l a r y
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6
t u b e .  M e a s u r e m e n t  o f  t h e  c o l u m n  h e i g h t  a s  a  f u n c t i o n  o f  
t i m e  i s  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  f l o w  c u r v e .
W a l a w e n d e r  a n d  C h e n  ( Wl )  d e s c r i b e d  a  s i m i l a r  a p p -
*
r o a c h  t o  d e t e r m i n e  t h e  f l o w  c u r v e  o f  n o n - N e w t o n i a n  f l u i d s .  
T h e  a d v a n t a g e  o f  t h i s  m e t h o d  i s  t h a t ,  i n s t e a d  o f  u s i n g  a 
d i f f e r e n t  d r i v i n g  f l u i d ,  t h e  s a m p l e  f l u i d  f l o w s  t h r o u g h  t h e  
c a p i l l a r y  u n d e r  i t s  o w n  h e a d .  By u s i n g  a  n o n - l i n e a r  
p a r a m e t e r  e s t i m a t i o n  t e c h n i q u e ,  a n  e m p i r i c a l  r e l a t i o n s h i p  
b e t w e e n  t h e  f a l l i n g  h e a d  a n d  t i m e  w a s  o b t a i n e d  w h i c h  w a s  
u s e d  t o  d e t e r m i n e  t h e  v i s c o s i t y .
I n  t h e  c a s e  o f  - l a m i n a r  l e n g t h  m e a s u r e m e n t s ,  m o s t  o f  
t h e  l i t e r a t u r e  i s  c o n c e r n e d  w i t h  c o m p r e s s i b l e  o r  
i n c o m p r e s s i b l e  N e w t o n i a n  i e t  s t u d i e s .
J i m  e t  a l  ( J l )  u s e d  a  s h a d o w g r a p h  t e c h n i q u e  t o  m e a ­
s u r e  t h e  l a m i n a r  l e n g t h  f o r  c a r b o n  d i o x i d e  a n d  h e l i u m  g a s  
j e t s  e x i t i n g  i n t o  a i r .  T h e y  u s e d  s e v e r a l  c a p i l l a r y  t u b e s  
o f  d i f f e r e n t  l e n g t h s  b u t  t h e  s a m e  d i a m e t e r  t o  o b t a i n  
d i f f e r e n t  l e n g t h - t o - d i a m e t e r  r a t i o s  o f  t h e  t u b e .  T h e y  
o b t a i n e d  t h e  f o l l o w i n g  c o r r e l a t i o n s :
F o r  c a r b o n  d i o x i d e ,
L / d  = 1 . 2 7  x 1 0 4  R e " 0 , 8 7 6  ( L / d ) 0 * 2 3 7  ( 2 . 1 ) -
F o r  h e l i u m ,
L / d  = 2 . 1 9  x 1 0 4  R e - 1 * 1 9  ( L / d ) 0 * 2 7 9  ( 2 . 2 ) '
M c K e n z i e  a n d  W a l l  (M4) m e a s u r e d  t h e  l a m i n a r  l e n g t h s
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o f  a submerged j e t  by us ing  ^ b i r e f r i n g e n t  l iq u id  fo r  th e
in c o m p r e s s ib le  j e t  s tu d y  and a h e l iu m -a ir  combination for
the  c o m p re ss ib le  j e t  s tu d y .  They proposed an em p ir ica l
r e la t io n s h ip  fo r  t h e  laminar l e n g t h  in  t h e  Reynold's number
range o f  5 to  400 as
L/d = 1000/Re . ( 2.3)-
M c N a u g h t o n  a n d  S i n c l a i r  ( MS) s t u d i e d  l i q u i d  i n t o
l i q u i d  j e t s  i n  s h o r t  c y l i n d r i c a l  v e s s e l s .  t h e y
p h o t o g r a p h e d  t h e  j e t  b y  i n t r o d u c i n g  a q u e o u s  b l u e  t r a c e r
s o l u t i o n  i n t o  t h e  w a t e r  t a n k .  T h e y  a l s o  s t u d i e d  t h e
v a r i a t i o n  o f  l a m i n a r  l e n g t h  w i t h  j e t  c h a m b e r  d i a m e t e r  a n d
«
l e n g t h .  T h e  e m p i r i c a l  c o r r e l a t i o n  g i v e n  b y  t h e m  i s  :
L / d  = { 9 . 9 7  x 1 0 7 ) ( R e ~ 2 *4 6 ) ( D / d ) 4 8  ( l c /d-J ° * 7 4  ( 2 . 4 ) -
f o r  5 0 0  < Re  < 2 0 0 0 ;  18  < l c / d  < 48 a n d  3 < D / d  < 24
M a r s t e r s  (M2) s t u d i e d  t h e  l a m i n a r  l e n g t h  o f  c a r b o n  
d i o x i d e  a n d  e t h y l e n e  g a s  j e t s  i s s u i n g  i n t o  a i r .  He  u s e d  a 
s h a d o w g r a p h  t e c h n i q u e  f o r  f l o w  v i s u a l i z a t i o n .  He u s e d  a 
v a r i e t y  o f  s u p p l y  t u b e  m a t e r i a l .  H i s  e m p i r i c a l  r e l a t i o n  f o r  
1 0 0 0  < R e  < 2 4 0 0  i s :
L / d  = {1 0 9 ) ( R e ” 2 *2 5 ) ( 2 . 5 ) :
3 e a t t v  a n d  M a r k l a n d  ( 3 1 )  c o n d u c t e d  a s i m i l a r  s t u d y  
a n d  d e t e r m i n e d  t h a t  t h e  u p s t r e a m  c o n d i t i o n s  h a d  n o  
s i g n i f i c a n t  e f f e c t  o n  t h e  l a m i n a r  l e n g t h  o f  t h e  j e t .
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R e y n o l d s  (R2)  s t u d i e d  t h e  f l o w  o f  a  d y e d  w a t e r . j e t  
i n t o  a  l a r g e  t a n k  o f  w a t e r .  He o b s e r v e d  f i v e  s u c c e s s i v e  
m o d e s  o f  b r e a k d o w n  o f  t h e  d y e d  s t r e a k  w i t h  a n  i n c r e a s e  i n  
f l o w  r a t e .  He  a l s o  g a v e  a  p l o t  o f  l a m i n a r  l e n g t h  v e r s u s  
f l o w  r a t e .
T h e  o n l y  s t u d y  o f - - l a m i n a r  l e n g t h  o f  a  n o n - N e w t o n i a n  
j e t  w a s  d o n e  b y  K u m a r  ( K2) .  He  u s e d  a  c a p i l l a r y  t u b e  o f  
l e n g t h  t o  d i a m e t e r  r a t i o  2 1 0  a n d  m e a s u r e d  t h e  l a m i n a r  
l e n g t h  o f  a  s u b m e r g e d  M i l l i n g  Y e l l o w  j e t  b y  m a k i n g  u s e  o f  
i t s  b i r e f r i n g e n t  p r o p e r t y . .  He p r o p o s e d  t h e  f o l l o w i n g  
e m p i r i c a l  r e l a t i o n  A)
L / d  = ( 9 . 5  x 1 0 7 ) ( R e ) - 2 ' 2 3  I . ( 2 . 6 )
f o r  6 5 0  < Re  < 1 0 0 0
M i t w a l l y  (M6 ) p r e s e n t e d  n u m e r i c a l ' s o l u t i o n s  f o r  a n  
a x i s y m m e t r i c  j e t  o f  n o n - N e w t o n i a n  p o w e r - l a w  f l u i d s .  He 
c o n c l u d e d  t h a t  i f  a  c i r c u l a r  f r e e  p s e u d o p l a s t i c  j e t  w i t h  
0 . 5  < n < 1 s t a r t s  o f f  a s  a  l a m i n a r  j e t ,  i t  w i l l  c o n t i n u e  
t 'o b e  s o .  H o w e v e r ,  ' t h i s  w a s  c o n t r a d i c t e d  b y  t h e  
e x p e r i m e n t a l  f i n d i n g s  o f  K u m a r  ( K2) .
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CHAPTER I I I  
THEORY
3.1 FLOW VISUALIZATION
P h o t o e l a s t i c i t y  h a s  b e e n  a  v e r y  u s e f u l  m e t h o d  f o r  
e x p e r i m e n t a l  s t r e s s  a n a l y s i s  i n  s o l i d s .  T h i s  m e t h o d  i s  
b a s e d  o n  t h e  f a c t  t h a t  c e t # 4 i n  s u b s t a n c e s  b e c o m e  
t e m p o r a r i l y  d o u b l y  r e f r a c t i n g ,  w h e n  t h e y  a r e  s t r e s s e d .  An 
a n a l o g o u s  p h e n o m e n o n  i n  l i q u i d s  i s  k n o w n  a s  ' f l o w  d o u b l e  
r e f r a c t i o n " ,  o r  f l o w  b i r e f r i n g e n c e .  T h i s  f l o w  v i s u a l i z a t i o n  
t e c h n i q u e  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  s t u d y  o f  m a n y  
f l u i d  f l o w  p - r o b l e m s  a s  i t  p r o v i d e s  a n  i m a g e  o f  t h e  e n t i r e  
f l o w  f i e l d .  By u s i n g  t h i s  m e t h o d ,  i t  i s  a l s o  p o s s i b l e  t o  
o b t a i n  q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  t h e  f l o w  s i t u a t i o n  
w i t h o u t  d i s t u r b i n g  i t .
B i r e f r i n g e n c e  i s  a n  o p t i c a l  c h a r a c t e r i s t i c  o f  t h e  
m e d i u m .  When  a  b i r e f r i n g e n t  f l u i d  i s  a t  r e s t ,  i t  i s  
o p t i c a l l y  i s o t r o p i c ;  t h a t  i s ,  t h e  r e f r a c t i v e  i n d e x  o f  t h e  
f l u i d  i s  t h e  s a m e  i n  a l l  d i r e c t i o n s .  As  s o o n  a s  i t  i s  s e t  
i n t o  m o t i o n ,  i t  b e c o m e s  o p t i c a l l y  a n i s o t r o p i c .  Whe n  a 
l i n e a r l y  p o l a r i z e d  l i g h t  r a y  i s  i n c i d e n t  u p o n  s u c h  a 
m e d i u m ,  i t  i s  d i v i d e d  o r  r e f r a c t e d  i n t o  t w o  l i n e a r l y  
p o l a r i z e d  l i g h t  c o m p o n e n t s  w i t h  t h e i r  p l a n e s  o f
*
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
p o l a r i z a t i o n  p e r p e n d i c u l a r  t o  e a c h  o t h e ’r .  O n e  o f  t h e  r a y s  
i s  c a l l e d  t h e  ' o r d i n a r y  r a y '  a n d  t h e  o t h e r  t h e  
' e x t r a o r d i n a r y  r a y ' .  T h e y  t r a v e l  t h r o u g h  t h e  m e d i u m  a t  
d i f f e r e n t  v e l o c i t i e s .  Wh e n  t h e y  l e a v e  t h e  m e d i u m /  a  
r e l a t i v e  a n g u l a r  p h a s e  s h i f t  e x i s t s  b e t w e e n  t h e m .  . T h i s
p h a s e  s h i f t  AS i s  g i v e n  b y
M „ ) (3.1)
A. e o
w h e r e  cm i s  t h e  t h i c k n e s s  o f  t h e  m e d i u m ,  X  i s  t h e
w a v e l e n g t h  o f  t h e  l i g h t  a n d  a n d  w q a r e  t h e
m e d i u m ' s  e x t r a o r d i n a r y  a n d  o r d i n a r y  i n d e x  o f  r e f r a c t i o n
r e s p e c t i v e l y .  T h e  d i f f e r e n c e  i n  t h e  r e f r a c t i v e  i n d i c e s ,
w - w  , i s  D r o D o r t i o n a l  t o  t h e  d i f f e r e n c e  o f  p r i n c i o a l  
e  o “
s t r a i n s  a n d  h e n c e  t o  t h e  d i f f e r e n c e  o f  p r i n c i p a l  s t r e s s e s .
A p o l a r i s c o p e  i s  u s e d  t o  o b s e r v e  t h i s  p h a s e  d i f f e r e n c e .  
I t  p r o v i d e s  a n  i m a g e  o f  t h e  s t r e s s  d i s t r i b u t i o n  o v e r  t h e  
f l o w  f i e l d .  D e p e n d i n g  o n  . w h e t h e r  t h e  l i g h t  e m p l o y e d  t o  
m a k e  t h e  s t r e s s  p a t t e r n  v i s i b l e  i s  c i r c u l a r l y  p o l a r i z e d  o r  
l i n e a r l y  p o l a r i z e d  t h e  p o l a r i s c o p e  i s  c a l l e d  a  c i r c u l a r  
p o l a r i s c o p e  o r  p l a n e  p o l a r i s c o p e .  T h e  f o l l o w i n g
e x p l a n a t i o n  c o n c e r n i n g  t h e  o p e r a t i o n  o f  a p o l a r i s c o p e  i s"
l i m i t e d  o n l y  t o  a c i r c u l a r  p o l a r i s c o p e  a s  i t  i s  t h e  o n e  
u s e d  i n  t h e  p r e s e n t  s t u d y .  F i g u r e  3 . 1  i l l u s t r a t e s  t h e  
g e n e r a l  a r r a n g e m e n t  o f  a  c i r c u l a r  p o l a r i s c o p e .
T h e  c i r c u l a r  p o l a r i s c o p e  c o n s i s t s  Of  a  l i g h t  s o u r c e ,




p o l a r i z e r ,  t w o  q u a r t e r - w a v e  p l a t e s  a n d  a n a l y z e r .  I n  t h e  
• d a r k  f i e l d "  a r r a n g e m e n t  o f  a  c i r c u l a r  p o l a r i s c o p e  t h e  
p o l a r i z a t i o n  a x i s  o f  t h e  p o l a r i z e r  a n d  t h e  a n a l y z e r  a r e  
c r o s s e d ;  t h a t  i s  o r i e n t e d  p e r p e n d i c u l a r  t o  e a c h  o t h e r .  T h e  
f a s t  a n d  s l o w  a x i s  o f  t h e  t w o  q u a r t e r - w a v e  p l a t e s  a r e  a l s o  
c r o s s e d  a n d  a r r a n g e d  i n  s u c h  a  m a n n e r ,  t h a t  t h e y  a r e  4 5 °  
w i t h  r e s p e c t  t o  t h e  p o l a r i z e r  a x i s .  T h e  l i g h t  c o m i n g  f r o m  
t h e  s o u r c e  f i r s t  p a s s e s  t h r o u g h  t h e  p o l a r i z e r .  T h e  
l i n e a r l y  p o l a r i z e d  l i g h t  f r o m  t h e  p o l a r i z e r  t h e n  p a s s e s  
t h r o u g h  t h e  f i r s t  q u a r t e r - w a v e  p l a t e  w h i c h  s p l i t s  i t  i n t o  
t w o  . o r t h o g o n a l  c o m p o n e n t s .  T h e s e  t w o  r a y s  t r a v e l  a t  
d i f f e r e n t  v e l o c i t i e s  a n d  a r e  r e t a r d e d  r e l a t i v e  t o  o n e  
a n o t h e r  b y  a n  a m o u n t  a / 4 w h e n  t h e y  e m e r g e  f r o m  t h e  
q u a r t e r - w a v e  p l a t e .  T h i s  p r o d u c e s  c i r c u l a r l y  p o l a r i z e d  
l i g h t  w h i c h  e n t e r s  t h e  t e s t  c h a m b e r  c o n t a i n i n g  t h e  
b i r e f r i n g e n t  f l u i d .  O n l y  t h e  c o m p o n e n t s  o f  t h e s e  t w o  r a y s  
a l o n g  t h e  p r i n c i p a l  a x e s  o f  t h e  f l o w  f i e l d  e m e r g e  f r o m  t h e  
t e s t  c h a m b e r  a n d  h a v e  a n  a d d i t i o n a l  r e l a t i v e  p h a s e  s h i f t .  
T h e  s e c o n d  q u a r t e r - w a v e  p l a t e  r e s o l v e s  t h e s e  r a y s  i n t o  t w o  
o r t h o g o n a l  c o m p o n e n t s  a n d  i n t r o d u c e s  a r e l a t i v e  r e t a r d a t i o n  
o f  ^ / 4  b e t w e e n  t h e  t w o  r a y s  o p p o s i t e  t o  t h a t  o c c u r i n g  i n  
t h e  f i r s t  q u a r t e r - w a v e  p l a t e .  T h e  m a i n  o b j - e c t i v e  o f  t h e  
s e c o n d  q u a r t e r - w a v e  p l a t e  i s  t o  c o n v e r t  t h e  c i r c u l a r l y  
p o l a r i z e d  l i g h t  o f  t h e  f i r s t  q u a r t e r - w a v e  p l a t e  t o  l i n e a r l y
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p o l a r i z e d  l i g h t .  Wh e n  t h e  t w o  r a y s  e m e r g e  f r o m  t h e  s e c o n d  
q u a r t e r - w a v e  p l a t e  t h e y  p a s s  t h r o u g h  t h e  a n a l y z e r .  T h e  
a n a l y z e r  p a s s e s  o n l y  t h e  r e s u l t a n t  o f  t h e s e  t w o  r a y s  a l o n g  
i t s  a x i s  o f  p o l a r i z a t i o n .  A f r i n g e  p a t t e r n  i s  p r o d u c e d  
w h e n  t h e s e  t w o  r a y s  i n t e r f e r e  a l o n g  t h e  a n a l y z e r  a x i s .
F r i n g e s  d o  n o t  a p p e a r  i n  t h e  f l o w  f i e l d  w h e n  i t  i s  
s t a t i o n a r y  b e c a u s e  o f  t h e  a b s e n c e  o f  s h e a r  s t r e s s e s .  O n c e  
t h e  f l o w  i s  i n i t i a t ^ i ,  t h e  f l o w  f i e l d  i s  s u b j e c t e d  t o  t h e  
a c t i o n  o f  s h e a r  s t r e s s e s  a n d  h e n c e  f r i n g e  p a t t e r n s  a r e  
v i s i b l e .  When  w h i t e  l i g h t  i s  u s e d  a s  t h e  s o u r c e ,  t h e  
f r i n g e  w i l l  a p p e a r  a s  a  s e r i e s  o f  c o l o u r e d  b a n d s .  Whe n  t h e  
l i g h t  e m p l o y e d  i s  m o n o c h r o m a t i c ,  t h e  f r i n g e  p a t t e r n  w i l l  b e  
a  s e r i e s  o f  d a r k  b a n d s .  T h e s e  d a r k  f r i n g e s  a r e  c a l l e d  
i s o c h r o m a t e s .  E a c h  f r i n g e  c o r r e s p o n d s  t o  a  g i v e n  v a l u e  o f  
s h e a r  s t r e s s .
D a r k  f r i n g e s  a l s o  a p p e a r  i n  t h e  c a s e  o f  a p l a n e  
p o l a r i s c o p e  e m p l o y i n g  a  m o n o c h r o m a t i c  l i g h t  s o u r c e .  T h e  
f r i n g e  p a t t e r n  m a y  b e  c o m p o s e d  o f  b o t h  i s o c h r o m a t e s  a n d  
i s o c l i n i c s .  I s o c l i n i c  f r i n g e s  a p p e a r  w h e n  t h e  d i r e c t i o n  o f  
^ t ^ e  p r i n c i p a l  s t r e s s e s  c o i n c i d e s  w i t h  t h e  d i r e c t i o n  o f  
p o l a r i z a t i o n .  W i t h  H i l l i n g  Y e l l o w  s u s p e n s i o n s  t h e
i s o c l i n i c  p a t t e r n s  a r e  n o t  s h a r p l y  d e f i n e d  ( P 2 ) .  T h i s  i s  
t h e  r e a s o n  f o r  u s i n g  a  c i r c u l a r  p o l a r i s c o p e  i n  t h e  p r e s e n t  
s t u d y .  I n  a  c i r c u l a r  p o l a r i s c o p e  o n l y  t h e  i s o c h r o m a t i c
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f r i n g e s  a p p e a r  a n d  t h e  i s o c l i n i c s  a r e  e l i m i n a t e d .
F l o w  p a r a m e t e r s  s u c h  a s  v e l o c i t y  a n d  s h e a r  r a t e  c a n  
q u a n t i t a t i v e l y  b e  e s t i m a t e d  f r o m  t h e  i n t e r f e r e n c e  f r i n g e  
p a t t e r n s  o b t a i n e d  i n  a n  u n k n o w n  f l o w  s i t u a t i o n  a f t e r  
c a l i b r a t i n g  t h e  g i v e n  l i q u i d  u n d e r  k n o w n  s h e a r  s t r e s s  
c o n d i t i o n s .  I n  t h e  p r e s e n t  s t u d y  t h e  o n l y  q u a n t i t a t i v e  
m e a s u r e m e n t  t o  b e  m a d e  i s  t h e  l e n g t h  o f  t h e  l a m i n a r  j e t  
w h i c h  c o r r e s p o n d s  t o  t h e  l e n g t h  o f  t h e  " o r d e r e d "  
i s o c h r o m a t i c  f r i n g e  p a t t e r n .  I n  a  l a m i n a r - t u r b u l e n t  j e t  
f r i n g e  p a t t e r n s  a r e  o r d e r e d  a n d  s t a t i o n a r y  i n  t h e  l a m i n a r  
r e g i o n  w h e r e a s  i n  t h e  t u r b u l e n t  r e g i o n  t h e  o r d e r e d  r e g i o n  
i s  b r o k e n  u p .  H e n c e ,  i r r e g u l a r ,  n o n  s t a t i o n a r y  p a t t e r n s  
a r e  f o r m e d .  T h e  d i s t a n c e  f r o m  t h e  j e t  e x i t  t o  t h e  p o i n t  
w h e r e  t h e  p a t t e r n  i s  n o  l o n g e r  r e g u l a r  a n d  s t a t i o n a r y  i s  
d e f i n e d  a s  t h e  l a m i n a r  l e n g t h  o f  t h e  j e t .
3 . 2  NON- NEWTONI AN F L U I D S
N o n - N e w t o n i a n  f l u i d s  a r e  t h o s e  f l u i d s  f o r  w h i c h  t h e  
f l o w  c u r v e  i s  n o t  l i n e a r  t h r o u g h  t h e  o r i g i n  a t  a g i v e n  
t e m p e r a t u r e  a n d  p r e s s u r e  ( S I ) .  T h e  v i s c o s i t y  m a y  b e  
d e p e n d e n t  o n  t h e  s h e a r  r a t e  o r  o n  t h e  d u r a t i o n  o f  t h e  s h e a r  
a n d  t h e  p a s t  h i s t o r y  o f  t h e  f l u i d .
S k e l l a n d  ( S I )  c l a s s i f i e s  n o n - N e w t o n i a n  f l u i d s  i n t o  
t h r e e  b r o a d  g r o u p s :
(a)  T i m e - i n d e p e n d e n t  f l u i d s  a r e  t h o s e  f l u i d s  f o r
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w h i c h  t h e  r a t e  o f  s h e a r  a t  a  
d e p e n d e n t  u p o n  t h e  i n s t a n t a n e o u s  
p o i n t .
( b )  T i m e - d e p e n d e n t  f l u i d s  
s h e a r  r a t e  i s  a  f u n c t i o n  o f  b o t h  
d u r a t i o n  o f  s h e a r .
( c)  V i s c o e l a s t i c  f l u i d s  
r e c o v e r y  u p o n  t h e  r e m o v a l  o f  t h e  
S u c h  m a t e r i a l  p o s s e s s  p r o p e r t i e s  o f  
s o l i d s .
T h e  f l u i d  u s e d  i n  t h e  p r e s e n t  s t u d y  f a l l s  i n t o  t h e  
t i m e - i n d e p e n d e n t  g r o u p  o f  f l u i d s  w h i c h  d o  n o t  h a v e  a  y i e l d  
s t r e s s .  F i g u r e  3 . 2  i l l u s t r a t e s  t h e  f l o w  c u r v e s  o f  v a r i o u s  
t y p e s  o f  t i m e - i n d e p e n d e n t  f l u i d s .  T h e  t w o  c o m m o n l y
o c c u r r i n g  f l u i d s  i n  t h i s  g r o u p  a r e  c a l l e d  p s e u d o p l a s t i c  o r  
d i l a t a n t  d e p e n d i n g  o n  w h e t h e r  t h e i r  v i s c o s i t y  d e c r e a s e s  o r  
i n c r e a s e s  w i t h  s h e a r  r a t e  r e s p e c t i v e l y .  K i l l i n g  Y e l l o w  i s
v
f o u n d  t o  e x h i b i t  p s e u d o p l a s t i c  b e h a v i o u r .  A t y p i c a l
v i s c o s i t y  c u r v e  o f  a  M i l l i n g  Y e l l o w  s o l u t i o n  i s  g i v e n  i n
F i g u r e  3 . 3 .  T h r e e  d i s t i n c t  r e g i o n s  may  b e  i d e n t i f i e d .  I n
t h e  l o w  s h e a r  r a t e  r e g i o n ,  t h e  f l u i d  i s  N e w t o n i a n  a n d  t h e
/
v i s c o s i t y ,  r^Q, r e m a i n s  n e a r l y  c o n s t a n t .  T h e  v i s c o s i t y  
v a r i e s  w i t h  s h e a r  r a t e  i n  t h e  i n t e r m e d i a t e  r e g i o n  a n d  a g a i n  
r e m a i n s  n e a r l y  c o n s t a n t ,  r}^ r  i n  t h e  h i g h  s h e a r  r a t e
g i v e n  p o i n t  i s  s o l e l y  
s h e a r  s t r e s s  a t  t h a t
a r e  t h o e  f o r  w h i c h  t h e  
t h e  m a g n i t u d e  a n d  t h e
s h o w  a p a r t i a l  e l a s t i c  
d e f o r m i n g  s h e a r  s t r e s s ,  
b o t h  f l u i d s  a n d  e l a s t i c
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r e g i o n .  I n  t h e  n o n - N e w t o n i a n  r e g i o n ,  w h i c h  h a s  a  s h e a r  
r a t e  r a n g e  o f  a p p r o x i m a t e l y  40  t o  1 0 0 0  s e c  \  t h e  " P o w e r  
l a w "  v i s c o s i t y  m o d e l ,  w h i c h  i s  g i v e n  b y
. n
t » K W  ( 3 ; 2 )
i s  f o u n d  t o  f i t  t h e  e x p e r i m e n t a l  d a t a  q u i t e  w e l l .  T h e  
v a l u e s  o f  K a n d  n d e p e n d  o n  t h e  t y p e  o f  f l u i d  a n d  
c o n c e n t r a t i o n .  F o r  p s e u d o p l a s t i c  f l u i d s  t h e  v a l u e  o f  n 
v a r i e s  f r o m  u n i t y  t o  z e r o  w i t h  i n c r e a s i n g  p s e u d o p l a s t i c i t y ; 
f o r  d i l a t a n t  f l u i d s  i t  i s  g r e a t e r  t h a n  u n i t y .  I n  g e n e r a l  K 
i s  m u c h  m o r e  s e n s i t i v e  t h a n  n t o  c h a n g e s  i n  t e m p e r a t u r e .
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^  CHAPTER IV
• " C
7 ^  EXPERIMENTAL DETAILS
T h i s  c h a p t e r  d e s c r i b e s  t h e  e x p e r i m e n t a l  s e t - u p  t h a t
'  '  u s e d  f o r  t h e  m e a s u r e m e n t  o f  l a m i n a r  l e n g t h  a n d
' '  - / y v i s c o s i t y .  T h e  s a m e  a p p a r a t u s  w a s  u s e d  b y  K u m a r ( K 3 ) .
j r ^ ' S l i g h t  m o d i f i c a t i o n s  h a v e  b e e n  m a d e  t o  a d a p t  t h e  a p p a r a t u s  
■ f o r '  t h e  p r e s e n t  s t u d y .  A d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l
p r o c e d u r e  u s e d  a n d  a  d i s c u s s i o n  o f  t h e  s e l e c t i o n  o f  t h e
- j & S § £ i n g  f l u i d  i s  a l s o  g i v e n  h e r e .
1 ■ <
j 4 . 1 S E L E C T I O N  OF THE WORKING FLUID
M o s t  o f  t h e  n o n - N e w t o n i a n  f l u i d s  t e n d  t o  h a v e  h i g h
' v i s c o s i t y .  y e t  a n o t h e r  p r o b l e m  i s  c o m p o s i t i o n  i n s t a b i l i t y .
S i n c e  t h e y  a r e  g e n e r a l l y  p r e p a r e d  f r o m  t w o  o r  m o r e
v
c o m p o n e n t s , -  i t  i s  p o s s i b l e  f o r  r e l a t i v e  c o n c e n t r a t i o n  t o
■ i /
c h a n g e  d u r i n g  e x p e r i m e n t s ,  o w i n g  t o  s o l v e n t  e v a p o r a t i o n , '  
d e g r a d a t i o n  o f  p o l y m e r ,  , o r  s e t t l i n g  o u t  o f  s u s p e n d e d
p a r t i c l e s .  W a t e r  s o l u b l e  p o l y m e r  m o l e c u l e s  a r e
p a r t i c u l a r l y  s u b j e c t  t o  b a c t e r i o l o g i c a l  a t t a c k .
T h u s  a  w o r k i n g  f l u i d  r e l a t i v e l y  f r e e  o f  t h e  a b o v e  
p r o b l e m s  w a s  r e q u i r e d .  B e s i d e s ,  i t  w a s  a l s o  i m p o r t a n t  t h a t  
t h e  f l u i d  b e  b i r e f r i n g e n t  a n d  e x h i b i t  t i m e - i n d e p e n d e n t  
n o n - N e w t o n i a n  b e h a v i o u r .
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A t  f i r s t ,  a  0 . 6% a q u e o u s  s o l u t i o n  o f  c a r b o x y m e t h y l  
c e l l u l o s e  (CMC) w a s  u s e d .  A l t h o u g h  CMC s o l u t i o n  i s  
v i s c o e l a s t i c  i n  n a t u r e ,  v e r y  w e a k  s o l u t i o n s  " e x h i b i t  
p s e u d o p l a s t i c  b e h a v i o u r .  D u r i n g  t h e  e x p e r i m e n t s  i t  w a s
t
n o t i c e d  t h a t  t h e  s o l u t i o n  w a s  t o o  v i s c o u s  a n d  n e e d e d  a  v e r y  
l a r g e  p r e s s u r e  h e a d  t o  p r o d u c e  g o o d  b i r e f r i n g e n c e .  A l s o  
w i t h  t h e  p r e s e n t  a p p a r a t u s ,  h i g h  s h e a r  r a t e s  c o u l d  n o t  b e  
o b t a i n e d  f o r  t h e  CMC s o l u t i o n .
F i n a l l y ,  M i l l i n g  Y e l l o w  w a s  s e l e c t e d  a s  i t  h a s  g o o d  
b i r e f r i n g e n c e  a n d  e x h i b i t s  p s e u d o p l a s t i c  b e h a v i o u r .
B e s i d e s ,  i t  a l s o  e x h i b i t s  t h e  f o l l o w i n g  d e s i r a b l e  
p r o p e r t i e s :
(1)  H i g h  o p t i c a l  s e n s i t i v i t y .
(2)  M o d e r a t e  v i s c o s i t y .
(3)  S t a b i l i t y  i n  c o n t a c t  w i t h  m o s t  o f  t h e  c o m m o n  
s t r u c t u r a l  m a t e r i a l s .  .
(4)  R e l a t i v e l y  e a s y  p r e p a r a t i o n .
M i l l i n g  Y e l l o w  i s  a n  o r g a n i c  d y e  p o w d e r  c o n t a i n i n g  
60% t o ^ 6 - ^ %  d y e s t u f f  a n d  t h e  r e s t  m o s t l y  s o d i u m  c h l o r i d e
a n d  s o d i u m  s u l p h a t e  w i t h  s o m e  s o d i u m  a c e t a t e .  I t  i s  b r i g h t  
y e l l o w  i<n c o l o u r  a n d  h a s  a  l o w  d e n s i t y .  I t s  m o l e c u l a r  
w e i g h t  i s  7 9 2 .  M i l l i n g  Y e l l o w  s o l u t i o n s  a r e  h o m o g e n e o u s  
c o l l o i d a l  c r y s t a l l i n e  p r e c i p i t a t e s  o f  r o d - l i k e  r h o m b i c  
c r y s t a l s .
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A d e t a i l e d  d e s c r i p t i o n  o f  t h e  p r e p a r a t i o n  p r o c e d u r e  
o f  t h e  M i l l i n g  Y e l l o w  s o l u t i o n  i s  g i v e n  b y  H i r s c h  ( H I ) .
P o r  t h e  s a k e  o f  c o m p l e t e n e s s  i t  i s  g i v e n  h e r e  a g a i n  i n
A p p e n d i x  D.
4 . 2  E X P E R I M E N T A L  S E T - U P
A s c h e m a t i c  d i a g r a m  o f  t h e  e x p e r i m e n t a l  s e t - u p  u s e d  
i n  t h i s  s t u d y  i s  s h o w n  i n  F i g u r e  4 . 1 .
4 . 2 . 1  FLUI D FLOW UNIT '  -
T h e  f l u i d  f l o w  u n i t  c o n s i s t e d  o f  t h e  u p s t r e a m  t a n k ,
s u p p l y  t u b e ,  j e t  c h a m b e r  a n d  t h e  d o w n s t r e a m  t a n k .  T h e  
f l u i d  f l o w s  f r o m  t h e  u p s t r e a m  t a n k  t o  c h e  j e t  c h a m b e r
t h r o u g h  t h e  s u p p l y  t u b e .  F r o m  t h e  j e t  c h a m b e r  i t  f l o w s
t h r o u g h  p l a s t i c  t u b i n g  t o  t h e  d o w n s t r e a m  t a n k .  A b r i e f
d e s c r i p t i o n  o f  t h e  d e t a i l s  o f  e a c h  o f  t h e  c o m p o n e n t s  i n  t h e  
f l u i d  f l o w  u n i t  i s  g i v e n  b e l o w .
T h e  u p s t r e a m  t a n k  w a s  m a d e  o f  P l e x i g l a s s .  I t  w a s  
c i r c u l a r  i n  c r o s s  s e c t i o n  w i t h  a n  i n n e r  d i a m e t e r  o f  1 5 2  mm, 
t h i c k n e s s  o f  5 mm a n d  a l e n g t h  o f  3 5 6  mm. I t  w a s  f i x e d  on  
t o  t h e  m a i n  s u p p o r t i n g  f r a m e .
’ O n e  o f  t h e  v a r i a b l e s  i n  t h e  e x p e r i m e n t  w a s  t h e
l e n g t h  t o  d i a m e t e r  r a t i o  o f  t h e  c a p i l l a r y  t u b e .  T h r e e  
d i f f e r e n t  t u b e s  o f  l e n g t h  3 0 5  mm, 2 0 3  mm a n d  1 0 2  mm
r e s p e c t i v e l y  w e r e  u s e d .  T h e y  a l l  h a d  t h e  s a m e  d i a m e t e r  o f  
1 . 4 2  mm. T h e  c o n s t r u c t i o n  o f  t h e  t e s t  f a c i l i t y  w a s  s u c h
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t h a t  a  s u p p l y  t u b e  o f  l e n g t h  l e s s  t h a n  1 0 2  mm c o u l d  n o t  b e  
u s e d .  T h e  t u b e s  w e r e  m a d e  o f  s t a i n l e s s  s t e e l  a n d  w e r e  
h o u s e d  i n s i d e  . a  l a r g e r  d i a m e t e r  t u b e  t o  m a i n t a i n  
s t r a i g h t n e s s .
T h e  s u p p l y  t u b e - w a s  c o n n e c t e d  t o  t h e  u p s t r e a m  t a n k  
b y  m e a n s  o f  a  b e l l  m o u t h  e n t r a n c e .  T h i s  e n s u r e d  s m o o t h  
e n t r y  o f  f l u i d  f r o m  t h e  u p s t r e a m  t a n k .  T h e  o t h e r  e n d  o f  
t h e  s u p p l y  t ihbie w a s  f i x e d  s o  t h a t  i t  w a s  f l u s h  w i t h  t h e  
u p p e r  w a l l  o f  t h e  j e t  c h a m b e r .
T h e '  j e t  c h - a m b e r  w a s  s q u a r e  i n  c r o s s  s e c t i o n  a n d  
a l s o  m a d e  o f  p l e x i g l a s s .  T h e  i n n e r  d i m e n s i o n s  o f  t h e  
c h a m b e r  w e r e  1 0 2  x 1 0 2  mm. T h e  w a l l  t h i c k n e s s  a n d  t h e  
l e n g t h  w e r e  9 mm a n d  2 5 4  mm r e s p e c t i v e l y .  A b l e e d  p o r t  w a s  
p r o v i d e d  a n d  u s e d  t o  r e m o v e  a n y  a i r  t r a p p e d  i n s i d e .
T h e  a x e s  o f  t h e  u p s t r e a m  t a n k /  s u p p l y  t u b e  a n d  t h e  
j e t  c h a m b e r  w e r e  a l l  o n  t h e  s a m e  l i n e .  To  e n s u r e  t h i s  
a l i g n m e n t ,  h o l e s  w e r e  d r i l l e d  i n  t h e  c o r n e r s  o f  t h e  s q u a r e  
f l a n g e s  t h a t  w e r e  m o u n t e d  on  t h e  e n d  o f  t h e  u p s t r e a m  t a n k  
a n d  j e t  c h a m b e r .  An a l u m i n i u m  r o d  w a s  i n s e r t e d  i n  e a c h  s e t  
o f  h o l e s .  O n l y  w h e n  t h e  u p s t r e a m  t a n k  a n d  j e t  c h a m b e r  w e r e  
i n  a l i g n m e n t  c o u l d  t h e s e  r o d s  p a s s  t h r o u g h  t h e  h o l e s  a n d  b e  
f i x e d  i n  p l a c e .
T h e  d o w n s t r e a m  t a n k '  w a s  s i m i l a r ,  i n  i t s  d i m e n s i o n s ,  
t o  t h e  u p s t r e a m  t a n k .  I t  w a s  c o n n e c t e d  t o  t h e  j e t  c h a m b e r
I
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b y  m e a n s  o f  a  1 . 9 1  m l o n g  a n d  8 . 0  mm i n n e r  d i a m e t e r  p l a s t i c  
t u b i n g .  A v a l v e  w a s  l o c a t e d  u n d e r n e a t h  • t h e  d o w n s t r e a m  
t a n k .  U n l i k e  t h e  u p s t r e a m  t a n k * . t h e  - p o s i t i o n  o f  t h e  
d o w n s t r e a m  t a n k  w a s  n o t  f i x e d .  S e t t i n g  d i f f e r e n t
- e l e v a t i o n s  o f  t h i s  t a n k  w a s  r e q u i r e d  t o  c o v e r  t h e  d e s i r e d  
r a n g e  o f  R e y n o l d s  n u m b e r .  I t  w a s  a l w a y s  k e p t  a t  a  l o w e r  
l e v e l  t h a n  t h e  u p s t r e a m  t a n k .
4 . 2 . 2  . I NSTR UMENTATI ON
T h e  f l u i d  i n  t h e  u p s t r e a m  t a n k  f l o w s  i n t o  t h e
d o w n s t r e a m  t a n k  w h e n  t h e  f l o w  i s  s t a r t e d .  A s  t h e  u p s t r e a m -  
a n d  d o w n s t r e a m  t a n k s  a r e  i d e n t i c a l  i n  a l l  d i m e n s i o n s ,  t h e  
d r o p  i n  t h e  l e v e l  o f  l i q u i d  i n  o n e  t a n k  w i l l  b e  e q u a l  t o  
' t h e  r i s e  i n  t h e  o t h e r .  H e n c e  i t  i s  s u f f i c i e n t  t o  m e a s u r e  
t h e  l i q u i d  l e v e l  i n  a n y  o n e  o f  t h e  t a n k s .  I n  o r d e r  t o  
d e t e r m i n e  t h e  v i s c o s i t y  a n d  t h e  f l o w  r a t e  i t  w a s  n e c e s s a r y  
t o  k n o w  o n l y  t h e  t i m e  r a t e  o f  c h a n c e  o f  h e a d  a n d  n o t
a c t u a l  h e a d .  T h e  m e t h o d  d e s c r i b e d  b e l o w  w a s  u s e d  t o  
m e a s u r e  t h i s  t i m e  r a t e  o f  c h a n g e  o f  h e a d .
A d e p t h  g a u g e  a n d  a  s i m p l e  e l e c t r i c  c i r c u i t  w e r e  
u s e d  t o  m e a s u r e  t h e  l i q u i d  l e v e l  i n  t h e  d o w n s t r e a m  t a n k .  A 
t h i n  c o p p e r  r o d ,  w i t h  a s h a r p  t i p ,  w a s  f i x e d  t o  a v e r n i e r  
s c a l e .  T h i s  u n i t  w a s  c a l l e d  t h e  d e p t h  g a u g e  a n d  w a s
m o u n t e d  o n  t h e  d o w n s t r e a m  t a n k .  An e l e c t r i c  c i r c u i t  w a s
f o r m e d  c o n s i s t i n g  o f  a  p o w e r  s u p p l y ,  a n  i n d i c a t o r  l i g h t ,
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t h e  c o p p e r  r o d ,  t h e  d o w n s t r e a m  t a n k  a n d  t h e  f l u i d  i n  t h e  
t a n k .  I n  o r d e r  t o  m e a s u r e  t h e  l i q u i d  l e v e l ,  f i r s t  t h e  
c o p p e r  r o d  w a s  p o s i t i o n e d  s o  t h a t  i t  t o u c h e d  t h e  s u r f a c e  o f  
t h e  f l u i d .  T h i s  w a s  d o n e  b e f o r e  t h e  f l o w  w a s  s t a r t e d .  
O n c e  t h e  f l o w  w a s  i n i t i a t e d  t h e  v e r n i e r  s c a l e  w a s  m o v e d  u p  
b y  a  k n o w n  d i s t a n c e  s o  t h a t  t h e ' . t o p  o f  t h e  c o p p e r  r o d  w a s  
a t  a  h i g h e r  l e v e l  t h a n  t h e  l e v e l  o f  t h e  l i q u i d .  As  t h e  
l e v e l  o f  l i q u i d  i n  t h e  d o w n s t r e a m  w a s  i n c r e a s i n g ,  a f t e r  
s o m e  t i m e  t h e  s u r f a c e  o f  t h e  l i q u i d  t o . u c h e d  t h e  t o p  o f  t h e  
c o p p e r  r o d .  As  s o o n  a s  t h i s  c o n t a c t  w a s  m a d e ,  t h e  c i r c u i t  
' w a s  c l o s e d  a n d  c u r r e n t  f l o w e d '  w h i c h  m a d e  t h e  l i g h t  g o  o n .  
I n  t h i s  w a y  t h e  r i s e  o f  l i q u i d  l e v e l  a t  v a r i o u s  i n s t a n t s  o f  
t i m e  w a s  m e a s u r e d .  I n  o r d e r  t o  d e t e r m i n e  t h e  a c t u a l  
d i f f e r e n c e  i n  t h e  l e v e l s  . o f  " t h e  l i q u i d  a t  a n y  t i m e ,  i t  w a s
s u f f i c i e n t  t o  k n o w  t h e  d i f f e r e n c e  i n  t h e  l e v e l s  b e f o r e  t h e
f l o w  w a s  s t a r t e d  a n d  t h e  r i s e  i n  t h e  l i q u i d  l e v e l  u p  t o  
t h a t  t i m e .
A L i n e a r  V a r i a b l e  D i s p l a c e m e n t  T r a n s d u c e r  (LVDT) 
a n d  a  d i g i t a l  r e a d - o u t  u n i t  w e r e  e m p l o y e d  t o  m e a s u r e  t h e  
l a m i n a r ' "  l e n g t h .  T h e  m a i n  b o d y  o f  . t h e  t r a n s d u c e r  w a s  
m o u n t e d  o n t o  t h e  s i d e  o f  t h e  j e t  c h a m b e r .  T h e  ’ s l i d e r "  o f  
t h e  t r a n s d u c e r  w a s  f a s t e n e d  t o  a  m e t a l  b l o c k  w h i c h  m o v e d  
a l o n g  a g u i d e w a y .  Two t h i n  m e t a l l i c  w i r e s  w e r e  f i x e d  t o
t h e  g u i d e  b l o c k .  B o t h  w i r e s  w e r e  h o r i z o n t a l  a n d  p a r a l l e l
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t o  e a c h  o t h e r .  H o w e v e r ,  o n e  w a s  l o c a t e d  i n  f r o n t  o f  a n d  t h e  
o t h e r  b e h i n d  t h e  j e t  c h a m b e r .  T h e y  c o u l d  b e  p o s i t i o n e d  
a l o n g  t h e  l e n g t h  o f  t h e  j e t  c h a m b e r  a n d  w e r e  p a r a l l e l  t o  
t h e  f r o n t  a n d  r e a r  f a c e s .  I n  o r d e r  t o  t a k e  a  r e a d i n g  t h e  
o p e r a t o r ' s  e y e  w a s  p o s i t i o n e d  i n  s u c h  a  w a y  t h a t  b o t h  w i r e s  
w e r e  a l i g n e d  a n d  a p p e a r e d  t o  b e  a  s i n g l e  w i r e .  I n  t h i s  w a y  
t h e  p a r a l l a x  e r r o r  w a s  e l i m i n a t e d .  T h e  w i r e s  w e r e  
p o s i t i o n e d  . a t  t h e  t r a n s i t i o n  p o i n t  w h i c h  c o u l d  b e  e a s i l y  
l o c a t e d  b y  i d e n t i f y i n g  ■ t h e  i n t e r s e c t i o n  o f  t h e  s t e a d y  
l a m i n a r  r e g i o n  a n d  t h e  u n s t e a d y  t u r b u l e n t  r e g i o n .  T h e  
d i g i t a l  r e a d - o u t  u n i t ,  w h i c h  w a s  c o n n e c t e d  t o  t h e  
t r a n s d u c e r ,  g a v e  t h e  d i s p l a c e m e n t  o f  J t h e  w i r e s  f r o m  t h e  
e x i t  o f  t h e  c a p i l l a r y  t u b e .
4 . 2 . 3  PO LARI  SCO PE
T h e  p o l a r i s c o p e  u s e d  i n  t h e  p r e s e n t  s t u d y  w a s  
m a n u f a c t u r e d ;  b y  P h o t o l a s t i c  I n c . ,  M a l v e r n ,  P a ,  U . S . A .  I t  
i s _ s h o w n  i n  f i g u r e  4 . 2 .  I t  c o n s i s t e d  o f  a  l i g h t  s o u r c e ,  a  
p o l a r i z e r ,  t w o  q u a r t e r - w a v e  p l a t e s  a n d  a n  a n a l y z e r .  I t  
c o u l d  b e  o p e r a t e d  e i t h e r  a s  a  p l a n e  p o l a r i s c o p e  o r  a s  a 
c i r c u l a r  p o l a r i s c o p e .  I n  t h e  p r e s e n t  s t u d y  i t  w a s  u s e d  a s  
a  d a r k  f i e l d  c i r c u l a r  p o l a r i s c o p e .
T h e  l i g h t  s o u r c e  c o n s i s t e d  o f  a  b a n k  o f  s i x  
f l u o r e s c e n t  t u b e s  m o u n t e d  b e h i n d  a  d i f f u s i n g  s c r e e n .  T h i s  
p r o v i d e d  a  u n i f o r m  i l l u m i n a t i o n  o v e r  t h e  e n t i r e  f l o w  f i e l d .
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T h e  p o l a r i z e r  a n d  t h e  f i r s t  q u a r t e r - w a v e  p l a t e  w e r e  
m o u n t e d  a s  a  s i n g l e  u n i t .  S i m i l a r l y '  t h e  s e c o n d
q u a r t e r - w a v e  p l a t e  a n d  t h e  a n a l y z e r  w e r e  m o u n t e d  a s  a  
s i n g l e  u n i t .  T h e  d i s t a n c e  b e t w e e n  t h e s e  t w o  u n i t s  w a s  
a p p r o x i m a t e l y  4 8 0  mm. T h e  p o l a r i z e r /  t h e  t w o  q u a r t e r - w a v e  
p l a t e s  a n d  t h e  a n a l y z e r  w e r e  2 0 3  mm i n  d i a m e t e r .
4 . 2 . 4  MAIN S U P P O R T I NG  FRAME
T h e  m a i n  s u p p o r t i n g  f r a m e  w a s  m a d e  o f  m i l d  s t e e l  
’L ’ s e c t i o n s .  T h e  f r a m e  w a s  r e c t a n g u l a r  i n  c r o s s  s e c t i o n  
( 4 0 6  x 5 8 4  mm ) a n d  s t o o d  1 . 2 9  m h i g h .  C r o s s  b a r s  a l o n g  
t h e  l e n g t h  o f  t h e  f r a m e  p r o v i d e d  m e a n s  t o  s u p p o r t  t h e  
u p s t r e a m  t a n k .  H o l e s  w e r e  d r i l l e d  i n  t h e  ' L 1 s e c t i o n s  t o  
c h a n g e  p o s i t i o n  o f  u p s t r e a m  t a n k  t o  d i f f e r e n t  h e i g h t s .  
T h i s  f r a m e  a n d  t h e  p o l a r i s c o p e  . w e r e  p o s i t i o n e d  o n  a 
l a b o r a t o r y  t a b l e .
4 . 3 .  E X P E R I ME N T A L  PROCEDURE
I n  t h i s  s e c t i o n  t h e  p r o c e d u r e s  a s s o c i a t e d  w i t h  t h e  
e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  l a m i n a r  l e n g t h  a n d  t h e  
v i s c o s i t y  f o * r~ f l u i d s  o f  d i f f e r e n t  c o n c e n t r a t i o n s  a r e  
d e s c r i b e d  i n  d e t a i l .
4 . 3 . 1 .  I N I T I A L  S E T - U P  PROCEDURE
T h e  f l u i d  f l o w  u n i t  w a s  m o u n t e d  o n  t h e  m a i n  
s u p p o r t i n g  f r a m e  i n  s u c h  a  w a y  t h a t  t h e  j e t  c h a m b e r  w a s  
l o c a t e d  m i d w a y  b e t w e e n  t h e  a n a l y z e r  a n d  p o l a r i z e r .  T h e
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e n t i r e  u n i t  w a s  m o u n t e d  s u c h  t h a t  t h e  c a p i l l a r y  t u b e  w a s  
v e r t i c a l .  A f t e r  a l i g n i n g  t h e  t w o  f a c e s  o f  t h e  j e t  c h a m b e r  
p a r a l l e l  t o  t h e  q u a r t e r - w a v e  p l a t e s ,  t h e ^ u n i t  w a s  c l a m p e d  
r i g i d l y  t o  t h e  f r a m e .  T h e  d o w n s t r e a m  t a n k ,  w h i c h  i n c l u d e d  
t h e  d e p t h  g a u g e  a s s e m b l y ,  w a s  p o s i t i o n e d  a t  t h e  d e s i r e d  
e l e v a t i o n .  T h e  f l u i d  w a s  t h e n  i n t r o d u c e d  i n t o  t h e  s y s t e m .  
C a r e  w a s  t a k e n  t o  r e m o v e  a n y  a i r  t h a t  w a s  t r a p p e d  i n s i d e  
t h e  j e t  c h a m b e r .
T h e  p o l a r i z e r ,  t w o  q u a r t e r - w a v e  p l a t e s  a n d  t h e  
a n a l y z e r  w e r e  a r r a n g e d  t o  o p e r a t e  a s  a  c i r c u l a r  
p o l a r i s c o p e .
T h e  d i g i t a l  r e a d - o u t  w a s  i n i t i a l i z e d  b y  p o s i t i o n i n g  
t h e  t w o  w i r e s  a t t a c h e d  t o  t h e ,  s l i d e r  o f  t h e  d i s p l a c e m e n t  
t r a n s d u c e r  a t  t h e  j e t ~ e x i t .  T h e  r e a d - o u t  w a s  t h e n  s e t  t o  
. z e r o  a n d  t h e  t e m o e r a t u r e  o f  t h e  f l u i d  a l s o  r e c o r d e d .
i  )
4 . 3 . 2  LAMINAR LENGTH MEASUREMENTS
T h e  f l o w  w a s  i n i t i a t e d  a n d  a s t o p w a t c h  s t a r t e d  a t  
t h e  s a m e  i n s t a n t .  T h e  t r a n s i t i o n  p o i n t  c o u l d  b e  c l e a r l y  
i d e n t i f i e d  f r o m  t h e  f r i n g e s .  T h e  w i r e  a s s e m b l y  c o n n e c t e d  t o  
t h e  t r a n s d u c e r  w a s  t h e n  m o v e d  t o  c o i n c i d e  w i t h  t h i s  l a m i n a r  
t o  t u r b u l e n t  t r a n s i t i o n  p o i n t .  T h e  r e a d i n g  o n  t h e  d i g i t a l  
r e a d - o u t  w a s  r e c o r d e d  w h e n  t h e  t w o  w i r e s  a p p e a r e d  a s  a 
s i n g l e  w i r e  w h e n  v i e w e d  t h r o u g h  t h e  a n a l y z e r .  F o r  e a c h  
l a m i n a r  l e n g t h  r e a d i n g  t h e  c o r r e s p o n d i n g  t i m e  o n  t h e
J f
„vT
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s t o p w a t c h  w a s  a l s o  n o t e d .  F o r  c e r t a i n  Re  r a n g e s ,  t h e  
l a m i n a r  l e n g t h  o f  t h e  j e t  m a y  b e  u n s t e a d y  a n d  f l u c t u a t e  
c o n s i d e r a b l y .  I n '  t h e s e  c i r c u m s t a n c e s  i t  m a y  e a s i l y  b e  
i n f l u e n c e d  b y  s l i g h t  v i b r a t i o n s  a n d  ^ d i s t u r b a n c e s .  H e n c e  
a l l  t h e  e x p e r i m e n t s  w e r e  d o n e  a t  n i g h t  t o  m i n i m i z e  t h e  
d i s t u r b a n c e s .
4 . 3 . 3  V I S C O S I T Y  M E A S U R E ME N T S  ^
I t  w a s  n e c e s s a r y  t o  k n o w ” t h e  h e a d  v e r s u s  t i m e  
r e l a t i o n s h i p  i n  o r d e r  t o  d e t e r m i n e  t h e  v i s c o s i t y  o f  t h e  
f l u i d  u s i n g  t h e  e x p e r i m e n t a l  f a c i l i t y .  T h e  d e p t h  g a u g e  a n d  
s t o p w a t c h  r e a d i n g s  w e r e  r e c o r d e d  s i m u l t a n e o u s l y  a t  
a p p r o x i m a t e l y  e q u a l  i n t e r v a l s  o f  h e a d  f o r  t h i s  p u r p o s e .  
T h e  t e m p e r a t u r e  o f  t h e  f l u i d  w a s  a l s o  n o t e d  a t  r e g u l a r  
i n t e r v a l s  o f  t i m e .
I n  o r d e r  t o  c o v e r  t h e  d e s i r e d  r a n g e  o f  l a m i n a r  
l e n g t h  a n d  v i s c o s i t y  i t  w a s  n e c e s s a r y  t o  p e r f o r m  t h e  
e x p e r i m e n t  w i t h  d i f f e r e n t  e l e v a t i o n  s e t t i n g s  o f  t h e  
d o w n s t r e a m  t a n k .
F o r  s o m e  d o w n s t r e a m  t a n k  s e t t i n g s  t h e  i n i t i a l  
h e i g h t  d i f f e r e n c e  w a s  r e l a t i v e l y  s m a l l  a n d  t h e r e f o r e  t h e  
e x p e r i m e n t a l  t i m e  w a s  v e r y  l o n g .  To m i n i m i s e  t h i s  t i m e ,  
t w o  s m a l l e r  d i a m e t e r  t a n k s  w e r e  i n s t a l l e d  i n s i d e  t h e  
o r i g i n a l ,  l a r g e r  t a n k s .  T h e  n e w  t a n k s  w e r e  3 5 6  mm i n  
l e n g t h  a n d  5 0 . 8  mm i n  d i a m e t e r .  T h i s  h e l p e d  r e d u c e  t h e
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e x p e r i m e n t a l  t i m e  c o n s i d e r a b l y .
T h e  v i s c o s i t y  o f  t h e  f l u i d  i s  a l s o  d e p e n d e n t  o n  t h e  
t e m p e r a t u r e .  H e n c e  t h e  e x p e r i m e n t a l  t e s t  f a c i l i t y  w a s  
p l a c e d  i n  a n  a i r - c o n d i t i o n e d  r o o m .  T h i s  h e l p e d  i n  c a r r y i n g  
o u t  t h e  e x p e r i m e n t s  i n  a  c o n t r o l l e d  e n v i r o n m e n t  a n d  t h u s  
k e e p i n g  t h e  t e m p e r a t u r e  f l u c t u a t i o n s  t o  a  m i n i m u m .
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CHAPTER V 
RESULTS AND DISCUSSION
T a b l e  1 p r e s e n t s  t h e  p r o p e r t i e s  o f  t h e  t w o  M i l l i n g
Y e l l o w  f l u i d s ,  ' A '  a n d  ' B ' ,  u s e d  i n  t h i s  s t u d y .  T h e  l a m i n a r
l e n g t h  a n d  v i s c o s i t y  d a t a  o b t a i n e d  i n  t h e  p r e s e n t
e x p e r i m e n t a l  s t u d y  a r e  p r e s e n t e d  i n  T a b l e s  2 t o  29 .  T h e
r e s u l t s  a r e  d i s c u s s e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n .
5 . 1  LAMINAR LENGTH MEASUREMENTS
T h e  m e a s u r e d  l a m i n a r  l e n g t h  o f  t h e  j e t  i s  n o n -
d i m e n s i o n a l i z e d  b y  d i v i d i n g  i t  b y  t h e  d i a m e t e r  o f  t h e
s u p p l y  t u b e .  T h i s  i s  r e f e r r e d  t o  a s  t h e  l a m i n a r  l e n g t h ,
N . , t h r o u g h o u t  t h e  r e m a i n d e r  o f  t h e  s t u d y .  T a b l e s  11 t o
Li
29 r e p r e s e n t  t h e  l a m i n a r l e n g t h  d a t a . F o r  a g i v e n  h e a d
d i f f e r e n c e ,  t h e  R e y n o l d s  n u m b e r  r e p r e s e n t e d  i n t h e t a b l e  i s
c a l c u l a t e d  u s i n g  t h e d i a m e t e r  o f  t h e t u b e , t h e a v e r a g e
v e l o c i t y  i n  t h e  t u b e a n d v i s c o s i t y  o f t h e  f l u i d . T h e s e
c a l c u l a t i o n s  a r e  d o n e b y u s i n g  t h e  c o m p u t e r p r o g r a m  i n
A p p e n d i x  C.
T h e  v a r i a t i o n o f l a m i n a r  l e n g t h , Nl  , w i t h R e y n o l d s
n u m b e r ,  Re ,  f o r  b o t h  f l u i d  c o n c e n t r a t i o n s  a n d  f o r  e a c h  o f  
t h e  t h r e e  s u p p l y  t u b e  l e n g t h  t o  d i a m e t e r  r a t i o s  i s  
i l l u s t r a t e d  i n  f i c u r e  S . l . ^ F o r  l / a  = 2 1 0 ,  i t  c a n  b e  s e e n
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t h a t  t h e  l a m i n a r  l e n g t h  i n c r e a s e s ,  w i t h  R e  i n  t h e  R e y n o l d s
n u m b e r  r a n g e  o f . 80  t o  4 0 0 .  I n  t h e  R e y n o l d s  n u m b e r  r a n g e  o f
4 0 0  t o  5 0 0  t h e  l a m i n a r  l e n g t h  o f  t h e  j e t  w a s  m o r e  t h a n  t h e
l e n g t h  o f  t h e  t e s t  c h a m b e r .  H e n c e  m e a s u r e m e n t s  c o u l d  n o t
b e  t a k e n  i n  t h i s  r a n g e .  F o r  R e y n o l d s  n u m b e r  g r e a t e r  t h a n
5 5 0  a n d  -up t o  1 3 0 0 ,  t h e  d a t a  i n d i c a t e  a  s h a r p  a n d
c o n t i n u o u s  d r o p  i n  t h e  l a m i n a r  l e n g t h .
I n  t h e  c a s e  o f  £ / d  = 1 4 0 ,  a  v e r y  l o w  i n t e n s i t y  o f
t h e  f r i n g e  m a d e  i t  i m p o s s i b l e  t o  m e a s u r e  t h e  l a m i n a r  l e n g t h
f o r  R e y n o l d s  n u m b e r  l e s s  t h a n  3 0 0 .  F o r  3 0 0  < Re- < 5 0 0 ,«•
t h e  l a m i n a r  l e n g t h  e x c e e d e d  t h e  t e s t  c h a m b e r  l e n g t h .  I n
t h e  h i g h e r  R e y n o l d s  n u m b e r  r a n g e  o f  5 0 0  t o  1 2 0 0 ,  t h e
l a m i n a r  l e n g t h  d e c r e a s e s  c o n t i n u o u s l y .
S i m i l a r l y  f o r  £ / d  .= 7 0 ,  l a m i n a r  l e n g t h  c o u l d  n o t  b e
m e a s u r e d  f o r  f l u i d  ' B '  f o r  R e  < 200  b e c a u s e  o f  l o w
i n t e n s i t y  f r i n g e s .  F o r  f l u i d  ' A ' ,  t h e  l a m i n a r  l e n g t h
i n c r e a s e s  f o r  t h e  r a n g e  60  < Re  < 2 0 0 .  F o r  b o t h  t h e
*
f l u i d s ,  t h e  l a m i n a r  l e n g t h  e x c e e d s  t h e  t e s t  c h a m b e r  l e n g t h  
f o r  2 0 0  < Re  < 4 0 0 .  I t  d e c r e a s e s  s h a r p l y  i n  t h e  r a n g e  
4 0 0  < Re  < 9 0 0 .
F r o m  - f i g u r e  5 . 1  i t  c a n  b e  s e e n  t h a t ,  f o r  a  l a m i n a r  
t u r b u l e n t  j e t  i n  t h e  r a n g e  4 5 0  < Re  < 1 3 0 0 ,  t h e r e  i s  l i t t l e  
d i f f e r e n c e  i n  t h e  v a r i a t i o n  o f  t h e  l a m i n a r  l e n g t h  w i t h  t h e  
R e y n o l d s  n u m b e r  f o r  t h e  t w o  c o n c e n t r a t i o n s .  T h i s
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o b s e r v a t i o n  w a s  a l s o  m a d e  b y  K u m a r  (K2)  a n d  h e  s p e c u l a t e d  
t h a t  t h i s  l a c k  o f  d e p e n d e n c e  o f «  l a m i n a r  . l e n g t h  o n  t h e  
c o n c e n t r a t i o n  ( a n d  h e n c e  o n  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f
t h e  f l u i d )  .may b e  d u e  t o  t h e  f a c t  t h a t  t h e  t u r b u l e n t
s t r e s s e s  i n  t h e  j e t  d o m i n a t e  o v e r  t h e  v i s c o u s  s t r e s s e s .
T h e  d i f f e r e n c e  i n  t h e  l a m i n a r  l e n g t h  v a r i a t i o n  w i t h  
R e y n o l d s  n u m b e r  f o r  t h e  t w o  c o n c e n t r a t i o n s  a t  t h e  h i g h e r
e n d  o f  t h e  R e y n o l d s  n u m b e r  r a n g e  i s  w e l l  w i t h i n  t h e
u n c e r t a i n t i e s  e s t i m a t e d  f o r  t h e  l a m i n a r  l e n g t h  a n d  R e  i n  
A p p e n d i x  E.  T h e  r e a s o n  f o r  t h e  l a m i n a r  l e n g t h  u n c e r t a i n t y  
i s  t h a t  t h e  l a m i n a r - t u r b u l e n t  t r a n s i t i o n  p o i n t  o f  t h e  j e t
i s  n o t _  s h a r p l y  d e f i n e d .  ' H e n c e  d i f f e r e n t  c u t  o f f  p o i n t s  m a y  
h a v e  b e e n  r e a d  f o r  t h e  l a m i n a r  l e n g t h s  o f  t h e  f l u i d s  o f
d i f f e r e n t  c o n c e n t r a t i o n s .
, F o r  £ / d  * 2 1 0 ,  i t  i s  a l s o  n o t e d  t h a t  f o r  80  < Re  <
4 0 0 ,  t h e  v a r i a t i o n s  o f  l a m i n a r  l e n g t h  w i t h  R e y n o l d s  n u m b e r  
a r e  a p p r e c i a b l y  d i f f e r e n t  f o r  t h e  t w o  c o n c e n t r a t i o n s .  T h i s  
may  b e  d u e  t o  t h e  f a c t  t h a t  t u r b u l e n t  s t r e s s e s  a r e  a b s e n t
a n d  t h e  l a m i n a r  l e n g t h  d e p e n d s  o n  p a r a m e t e r s  i n  a d d i t i o n  t o
R e y n o l d s  n u m b e r  a s  d e f i n e d  h e r e .
L a m i n a r  l e n g t h  d a t a  c o u l d  n o t  b e  t a k e n  f o r  s o m e  £ / d  
r a t i o s  i n  t h e  l o w  R e  r a n g e  b e c a u s e  o f  l o w  f r i n g e  i n t e n s i t y .  
I t  s h o u l d ,  h o w e v e r ,  . b e  n o t e d  t h a t  th«T"' ’ l a m i n a r  l e n g t h  
m e a s u r e m e n t s  i n  h i g h  Re  r a n g e  a r e  ' o f  p r i m e  i n t e r e s t  w h e n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
30
c o n s i d e r i n g  f l u i d i c  t u r b u l e n c e  a m p l i f i e r s  w h i c h  m a k e  u s e  o f  
a  l a m i n a r - t u r b u l e n t  j e t  f o r  t h e i r  o p e r a t i o n .  L a m i n a r  
l e n g t h  i n f o r m a t i o n  o n  f u l l y  l a m i n a r  j e t s -  i s  o f  l i t t l e  
^  p r a c t i c a l  i m p o r t a n c e  a n d  i s  i n v e s t i g a t e d  f o r  t h e  s a k e  o f
a c a d e m i c  i n t e r e s t  o n l y .
T h e  l a m i n a r  l e n g t h  i s  c o r r e l a t e d  w i t h  R e  a n d  1 / 6  b y  
M u l t i p l e  L i n e a r  R e g r e s s i o n  ( A p p e n d i x  A ) .  T h e  e m p i r i c a l  
c o r r e l a t i o n  o b t a i n e d  i s
N. -  1 . 3 8  x 1 0 5 R e - 1 *89  ( V d }°*78 ( 5 . 1 )
f o r  4 5 0  < Re  < 1 3 0 0  a n d  70  < ?-/d < 2 1 0  
F r o m  e q u a t i o n  ( 5 . 1 )  i t  c a n  b e  s e e n  t h a t  t h e  l a m i n a r  
l e n g t h  d e p e n d s  s t r o n g l y  o n  t h e  R e y n o l d s  n u m b e r  a n d ,  t o  a  
l e s s e r  d e g r e e ,  o n  t h e  l e n g t h  t o  d i a m e t e r  r a t i o .  I t  i s  a l s o  
n o t e d  t h a t  t h e  l a m i n a r  l e n g t h  i n c r e a s e s  w i t h  i n c r e a s i n g  V d  
a n d  d e c r e a s i n g  Re  f o r  t h e  r a n g e s  c o n s i d e r e d .  A s i m i l a r  
c h a r a c t e r i s t i c  w a s  o b s e r v e d  b y  J i m  e t  a l  ( J l )  i n  t h e  c a s e  
o f  N e w t o n i a n  j e t s .
At  t h e  e n t r a n c e  o f  a t u b e ,  t h e  v e l o c i t y  p r o f i l e  i s  
u n i f o r m .  i n  t h e  d e v e l o p i n g  r e g i o n ,  t h e  ■ v e l o c i t y  
d i s t r i b u t i o n  p r o g r e s s i v e l y  c h a n g e s  f r o m  t h e  f l a t  o n e  t o  a 
p a r a b o l i c  p r o f i l e  w h e r e  t h e  f l o w  i s  f u l l y  d e v e l o p e d .  T h e  
d i s t a n c e  f r o m  t h e  e n t r a n c e  t o  t h e  a x i a l  l o c a t i o n  a t  w h i c h  
t h e  f l o w  b e c o m e s  f u l l y  d e v e l o p e d  i s  k n o w n  a s  t h e  e n t r a n c e  
l e n g t h .  F o r  N e w t o n i a n  f l u i d s ,  i t  i s  g i v e n  b y  L a n g h a a r
I
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( L I )  a s
L e / d  « 0 . 0 5 8  R e  ( 5 . 2 )
I n  t h e  c a s e  o f  n o n - N e w t o n i a n  f l u i d s ,  -Le  d e p e n d s  o n  Re  a s  
w e l l  a s  n .
I n  t h e  d e v e l o p i n g  r e g i o n  o f  a  p i p e ,  t h e  v e l o c i t y  
g r a d i e n t s  n e a r  t h e  w a l l  a r e  s t e e p e r  t h a n  . i n ^ f u l l y  d e v e l o p e d  
f ^ o w .  a s  a  r e s u l t ,  f o r  a  s m a l l e r  V d ,  t h e  f l u i d  m o l e c u l e s  
h a v e  l a r g e r  r e l a t i v e  m o t i o n  n e a r  t h e  w a l l .  I f  t h e  v e l o c i t y  
p r o f i l e  a t  t h e  e x i t  i s  n o t  f u l l y  d e v e l o p e d ,  t h e -  s t e e p e r  
v e l o c i t y  g r a d i e n t s  a t  t h e  w a l l  m a k e  t h e  j e t  m o r e
s u s c e p t i b l e  t o  i n s t a b i l i t y  t h u s  c a u s i n g  t r a n s i t i o n  t o  
t u r b u l e n t  f l o w .  T h i s  c o u l d  b e  t h e  r e a s o n  f o r  i n c r e a s e  i n  
l a m i n a r  l e n g t h  w i t h  i n c r e a s i n g  V d .
F r o m  f i g u r e  5 .1 -  a n d  e q u a t i o n  5 . 1  i t  i s  o b s e r v e d  
t h a t  a l t h o u g h  l a m i n a r  l e n g t h  i n c r e a s e s  w i t h  i n c r e a s i n g  >- / d ,  
t h e  r e l a t i o n s h i p  i s  n o t  l i n e a r .  ■ F o r  t h e  Re  r a n g e
c o n s i d e r e d ,  i t  i s  e x p e c t e d  t h a t  a t  v e r y  h i g h  v a l u e s  o f  V d ,  
s u c h  t h a t  I  > L g , t h e  f l o w  w i l l  b e  f u l l y  d e v e l o p e d  a t  t h e
t u b e  e x i t  i n  a l l  t h e  c a s e s  a n d  t h e n  ■ ' t h e  v a r i a b l e  V d  w i l l
h a v e  n o  e f f e c t  o n  t h e  l a m i n a r  l e n g t h .
T h e  p r e s e n t  r e s u l t s  c o m p a r e  w i t h  t h e  N e w t o n i a n  
s t u d y  o f  J i m  e t  a l  ( J l )  i n  t r e n d  o n l y .  T h e i r  c o r r e l a t i o n  
f o r  h e l i u m  i s
L/d * 2 . 1 9  x 1 0 4 R e " 1 ' 19 ( V d )0' 2 ' 9
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a n d  i t  c a n  b e  s e e n  t h a t  t h e y  a l s o  o b s e r v e d  a n  i n c r e a s e  i n  
t h e  l a m i n a r  l e n g t h  w i t h  i n c r e a s i n g  £ / d  a n d .  d e c r e a s i n g  R e .  
T h e  d i f f e r e n c e  c o u l d  b e  a t t r i b u t e d  t o  t h e  b u o y a n c y  a n d  
d i f f u s i o n  e f f e c t s  i n  t h e  N e w t o n i a n  j e t .
5 . 2  V I S C O S I T Y  MEASUREMENTS
T h e  e x p e r i m e n t a l  d a t a  o b t a i n e d  i n  t h e  p r e s e n t  s t u d y  
a r e  p r e s e n t e d  i n  T a b l e s  2 t o  1 0 .  T h e  p r o c e d u r e  u s e d  f o r  
t h e  d e t e r m i n a t i o n  o f  f l u i d  v i s c o s i t y  f r o m  t h e  h e a d  v e r s u s  
t i m e  d a t a  i s  g i v e n  i n  A p p e n d i x  B.
T h e  c a p i l l a r y  v i s c o m e t e r  i s  c a p a b l e  o f  m e a s u r i n g  
t h e  v i s c o s i t y  o v e r  a  w i d e  r a n g e  o f  s h e a r  r a t e s  ( 30  < y  < 
1 0 0 0 0  ) .  T h e  v i s c o s i t y  c u r v e s  f o r  t h e  f l u i d s  'A* a n d  ' B '  
a r e  s h o w n  i n  f i g u r e s  5 . 3  a n d  5 . 4  r e s p e c t i v e l y .  An a t t e m p t  
w a s  m a d e  t o  m e a s u r e  t h e  v a r i a t i o n  o f  v i s c o s i t y  w i t h  s h e a r  
r a t e  u s i n g  C o n t r a v e s  R h e o m a t  30 r o t a r y  v i s c o m e t e r .  I t  w a s  
o b s e r v e d ,  h o w e v e r ,  t h a t  t h e  l o w  v i s c o s i t y  o f  t h e  t e s t  f l u i d  
l i e s  o u t s i d e  t h e  o p e r a t i n g  r a n g e  o f  t h e  r o t a r y  v i s c o m e t e r .
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CONCLUSIONS AND RECOMMENDATIONS
6 . 1  CONCLUSIONS
(1)  T h e  n a t u r a l  l a m i n a r  l e n g t h  d a t a  f o r  a  s u b m e r g e d } 
a x i s y m m e t r i c ,  p s e u d o p l a s t i c  j e t  i s  e x p e r i m e n t a l l y  o b ' t a i n e d .  
T h e  l a m i n a r  l e n g t h  i s  c o r r e l a t e d  w i t h  R e y n o l d s  n u m b e r  a n d  
l e n g t h  t o  d i a m e t e r  r a t i o  o f  t h e  s u p p l y  t u b e  b y  t h e  e q u a t i o n
Nl  * 1 . 3 8  X 1 0 5 R e - 1 , 8 9  ( ? - / d ) 0 *78 
f o r  4 5 0  < R e  < 1 3 0 0  a n d  70 < S L / &  < 2 1 0  
T h e  e q u a t i o n  i n d i c a t e s  t h a t  t h e  , l a m i n a r  l e n g t h  s t r ­
o n g l y  d e p e n d s  o n  t h e  R e y n o l d s  n u m b e r  a n d ,  t o  a  l e s s e r  
d e g r e e ,  o n  t h e  l e n g t h  t o  d i a m e t e r  r a t i o  o f  t h e  t u b e .
(2)  T h e  l a m i n a r  l e n g t h  i n c r e a s e s  w i t h  i n c r e a s i n g  
l e n g t h  t o  d i a m e t e r  r a t i o  o f  t h e  s u p p l y  t u b e  a n d  d e c r e a s i n g  
R e y n o l d s  n u m b e r  f o r  t h e  r a n g e s  c o n s i d e r e d .
(3) I n  t h e  r a n g e  4 5 0  < Re < 1 3 0 0  t h e  c o n c e n t r a t i o n  
' o f  t h e  f l u i d  a n d  h e n c e  i t s  n o n - N e w t o n i a n  n a t u r e  h a s  n o
e f f e c t  on  t h e  l a m i n a r  l e n g t h  o f  t h e  j e t .  *
(4)  T h e  n o n - N e w t o n i a n  n a t u r e  o f  t h e  f l u i d  h a s  a 
s u b s t a n t i a l  e f f e c t  o n  t h e  l a m i n a r  l e n g t h  o f  a f u l l y  l a m i n a r  
j e t  { 80  < 4 0 0  ).
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(5)  T h e  p r e s e n t  r e s u l t s  c o m p a r e  w i t h  t h e  N e w t o n i a n  
s t u d y  o f  J i m  e t  a l  ( J l )  i n  t r e n d  o n l y .
(6 )  T h e  p r e s e n t  r e s u l t s  a r e  i n  g o o d  a g r e e m e n t  w i t h  
t h e  r e s u l t s  o f  K u m a r  (K2)  f o r  n o n - N e w t o n i a n  j e t s  f o r  2-/d = 
210 .
(7)  T h e  v a r i a t i o n  o f  t h e  v i s c o s i t y  o f ' t h e  n o n -  - 
N e w t o n i a n  f l u i d  w i t h  s h e a r  r a t e  i s  o b t a i n e d  u s i n g  t h e  
p r e s e n t  t e s t  f a c i l i t y .
6 . 2  RECOMMENDATIONS
(1)  An e x p e r i m e n t a l  s t u d y  w i t h  d i f f e r e n t  n o n -  
N e w t o n i a n  f l u i d s  s h o u l d  b e  p e r f o r m e d .
(2)  F u r t h e r  e x p e r i m e n t s  s h o u l d  b e  p e r f o r m e d  w i t h  a
'A .
l o n g e r  t e s t  c h a m b e r  a n d  a  l a r g e r  d i a m e t e r  a n a l y z e r  i n  t h e  
p o l a r i s c o p e  i n  o r d e r  t o  s t u d y  t h e  l a m i n a r  l e n g t h  i n  t h e  
i n t e r m e d i a t e  Re  r a n g e s .
(3)  D i f f e r e n t  g e o m e t r i c  p a r a m e t e r s  o f  t h e  t e s t  c h ­
a m b e r  s h o u l d  b e  u s e d  t o  s t u d y  t h e i r  i n f l u e n c e  o n  t h e  
l a m i n a r  l e n g t h .
I
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T h e  v a r i a b l e s  N. , R e  a n d  V d  a r e  c o r r e l a t e d  b y
Lf
M u l t i p l e  L i n e a r  R e g r e s s i o n  u s i n g  S t a t i s t i c a l  A n a l y s i s  
S y s t e m  ( S A S ) ,  a  c o m p u t e r  p a c k a g e  a v a i l a b l e  a t  t h e  c o m p u t e r  
c e n t r e  o f  t h e  U n i v e r s i t y  o f  W i n d s o r .
T h e  c o r r e l a t i o n  i s  :
NL = a  R e b ( Vd- T *3 -
U s i n g  a  r e c t i f i c a t i o n  p r o c e d u r e ,  t h e  a b o v e  e q u a t i o n  
c a n  b e  w r i t t e n  a s  :
I n  S’T = I n  a  + b I n  Re  + c  l n ( 7 . / c ) % ( A - 2 )
By i n p u t i n g  t h e  e x p e r i m e n t a l  d a t a  t o  t h e  c o m p u t e r ,  
t h e  c o n s t a n t s  a ,  b  a n d  c  a r e  o b t a i n e d  a n d  t h e  f i n a l  
c o r r e l a t i o n  e q u a t i o n  i s . :
N,  = 1.  38 x 1 0 5 R e ' 1 *89'  . V d ) 0 * 7 8  ( i - 3 )
a n d  t h e  c o e f f i c i e n t  o f  c o r r e l a t i o n ,  R = C . 9 6 1 .  T h i s
c o r r e l a t i o n  i s  o b t a i n e d  f o r  12’4 d a t a  o o i n t s .




A P P E N D I X  A 
R E G R E S S I O N  ANALYSI S
T h e  v a r i a b l e s  N , R e  a n d  V d  a r e  c o r r e l a t e d  b y  
M u l t i p l e  L i n e a r  R e g r e s s i o n  u s i n g  S t a t i s t i c a l  A n a l y s i s  
S y s t e m  ( S A S ) ,  a  c o m p u t e r  p a c k a g e  a v a i l a b l e  a t  t h e  c o m p u t e r  
c e n t r e  o f  t h e  U n i v e r s i t y  o f  W i n d s o r .
T h e  c o r r e l a t i o n  i s  :
n l  = a  R e b  ( V d T 0  • ( A—1)
U s i n g  a r e c t i f i c a t i o n  p r o c e d u r e ,  t h e  a b o v e  e q u a t i o n  
c a n  b e  w r i t t e n  a s  :
I n  Nt = I n  a + b I n  Re  + c  I nC/ Vd) *  ( A - 2 )
By i n p u t i n c  t h e  e x p e r i m e n t a l  d a t a  t o  t h e  c o m p u t e r ,  
t h e  c o n s t a n t s  a ,  b a n d  c  a r e  o b t a i n e d  a n d  t h e  f i n a l  
c o r r e l a t i o n  e c u a t i o n  i s
Nt = 1.  38 x 1 0 5 Re  1 ' S5'  . V d ) ° ' 7S (4. -31
a n d  t h e  c o e f f i c i e n t  o f  c o r r e l a t i o n ,  R = 0 . 9 6 1 .  T h i s
c o r r e l a t i o n  i s  o b t a i n e d  f o r  12’4 d a t a  o o i n t s .  —
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SAS
COS 7 r i X 2 LY LX 1 LX2
1 13* 5 S 2 S 7 1 . 5 2 . 6 0  269 6 . 7  1901 a .  26 97 0
2 1 3 . 6 910 7 1.  5 2 .  61 C07 6 . 6 9 7 0 3 4 . 2 6 5 7 03 1 a .  o . 7 9 2 7 1 . 5 2 .  6 3 9 0 6 6 . 6 7 4  c 6 4 . 2 6 5 7 0
4 1 U. 2 ‘ 7 7 3 7 1 .  5 2 . 6 5 3 2 4 6 . 6 5 0 2 8 . 4 . 2 6 5 7 0c 1a .  S 7 53 7 1 .  c 2 . 6 9 * 6 3 6 . 6 2 4 3 7 * .  2 6 9 7 0
6 1 5 . 0 7 3 2 7 1 . 5 2 .  70  80 5 6 . 5 9 5 7 8 4 . 2 6 5 7 0
7 1 5 . 5 711 7 1 . 5 2 .  7 4 0 3 4 6 . 5 6 6 6 7 4 .  2 6 5 7 C
9 16 .  1 688 7 1 .  5 2 . 7 7 8 3 2 6 - 5 3 3  79 4 . 2 6 5 7 0
9 1 6 . 7 6 6 a 7 1 . 5 2.  SI  5*1 6 . 4  5 3 2 5 * .  26  57 0
TO 1 7 . 6 639 7 1 . 5 2 . ' 86  79 0 6 . 4 5 9 9 0 4 . 2 6 5 7 0
1 1 ' 1 9 . 0 6 1 3 7 1 . 5 2 .  9 * 4 4 4 6.  * 133 6 *.  2 6 = 7 0
t 2 1 9 . 0 6 3 2 7 1 .  5 2 - 9 4 4 4 4 6 . 4  4 8 8 9 4 . 2 5  970
1 3 2 0 . 2 593 7 1 . 5  ' 3.  00 56 3 6.  3 3 5  19 * .  2 o 970
i a 2 2 - 3 5 5 9 3 . 1C 009 6 . 2 2 6  15 a .  2 3 97 0i c "> 4 B ?2 5 7 1 . 5 3 . 2 1 0 3 * 6.  2 6 3 4 0 * .  2 6 5 7 0
16 3 Ol 0 , as-9 7 1 .  5 3 .  40 120 6-  1 9 2 2 6 4 . 2 5 9 7 0
17 a 1. 5 U52 7 1 . 5 3 . 7 2 5 6 9 6 .  1 1 3 6 S a .  2 6 570
18 1 1 . 3 S63 7 1 . 5 2 .  * 2 * 3 0 6 . 7 6 3 4 1 4 . 2 5 9 7 0
19 1 1.  6 9*2 7 1 . 5 2 .  *5  10 1 6 .  7 35 78 a .  2 6 5 7 0
23 1 2 . 0 812 7 1 . 5 2 . * 3  49 1 6 . 6 S 9 5 0 4 .  26  570
2 1 1 2 . 3 779 7 1 . 5 2 .  50 96 0 6 . 6 5 8 0 1 * .  20 97 0
2 2 1 3 . 0 7 a 2 7 1 . 5 2.  c 6 495 6.  6 09 3 5 * . 2 6 5 7 0
22 1 3 . 6 71 4 7 1 . 5 2 .  6 1 0 0 " 6.  c 7 0 5 5 *-  26  97 G
2 a i a .  6 685 7 1 . 5 2 . 6 5 1 0 2 6.  5 2 9 4 2 4 . 2 6 5 7 0
25 1 6 . 6 6 5 2 7 1 . 5 2 .  5 0 9 * 0 5 . 4 5 0 3 * *.  2 6 9 7 0
26 1 9 . 0 617 7 1 . 5 2 . * 4 4 4 4 6-  4 2 4 S 7 4 . 2 6 5 7 0
27 1 <3 7 6 a 7 7 1 .  c 2 . 9 0  1* 2 6.  * 7 2 3 5 a .  2 6 5 7 0
29 1 §1 5 607 7 1 . 5 2 .  97C* 1 6 . 4 0 8 5 3 a . 26 970
29 2 2 . 3 5 6 5 7 1 . 5 3 .  1 3 * 5 9 6 - 3 7 6 9 3 4 .  2 6 9 7 0
2 7 .  5 5 2 0 7 1 . 5 3 . 3 1 * 1 9 6 .  2 5 3 2 3 4 .  26  970
31 • 3 0 . 7 497 7 1 .  5 3 .  * 2*2 ^ 6 . 2 0 8 5 9 4 - 2 6 5 7 0
32 3 a .  7 *72 7 1 . c 3.  5*67  a 6.  1 5 6 9 S *.  2 = 9703 3 a 3.  6 4 4 7 7 1 . 5 3.  7 7 5 0 e 6 .  1 0 2 5 6 4.  2 6 5 7 0
3 a 6 a .  9 *21 7 1 . 5 *.  1 72 9 6 6 . 0  * 2 6 3 * .  26  S^O
35 1 1 . 3 1 2 53 1* 3 -  i 2 . * 2 * <3 0 7 .  1 3 72 8 4 .  9 6 3 5 4
36 1 1. a 1 22S 1 * 3 .  1 2.  * 3 2 6  1 7.  1 13 V* * .  9 6 3 ‘' *
37 1 1- 5 1 196 1 4 3 .  1 2 - 4 * 2 3  5 7 . 0 3 6 7 * * .  9 6 3 5 *
39 i 1.  t> 1 1 0 * 1 4 3 . 1 2 .  *5 10 1 7.  0 5 962 * . 3 6 3 5 *
39 1 2.  0 1 14 ~> 1 4 3 .  1 2 . * 3 4 9  i 7 . 0  *0 54 4 .  5 6 j  5 4i • 1 2 . 7 1 1 1 9 1 *3 -  1 2.  5*  16 0 7 .  0 20 19 *.  9 6 3 5 4
a 1 12 .  9 1 095 143. .  1 2.  5 5 7 2 3 6 . 9 9 8 5  1 4 .  9 6 3 5 *
a 2 1 3.  0 1 07 1 1 * 3 .  i 2.  56 49 5 6.  9 7 6 3  5 4 . 9 6 3 5 *
a 3 1 2.  7 109 9 1 4 3 .  i 2 .  54  160 7 . 0 0 2 1 6 4 . 9 6 3 5 *a a 1 2.  7 1 069 1*3. .  1 2 - 5 * 1 6 0 6.  Q7 * a 3 a - 9 6 3 5 4
as 1 3 . 2 1 033 1 4 3 .  1 2 . 5 8 0 2 2 6 . 9 * 5 0 5 4 . 9 c 3 5 4
a 6 1 3.  a 1 003 1 * 3 .  1 2.  5 9 5 2 5 6 . 9 1572 * . 9  s 35 *
*7 1 3 . 6 97 6 143-  1 2.  6 ICO 7 6 . £ 8 3 * 6 4 . 9 = 3 5 *
a 9 1 a .  i 9*5 1 * 3 .  1 2.  6 4 617 6 . 9 5 1 1 8 * . 9 = 3 5 *
*9 1 a .  a 913 14 3 .  1 2 .  6 6 7 2 3 6 . 3  16 7 4 4 . 9 6 3 5 *
53 i a .  9 • 990 1 4 3 .  1 2.  73 126 * . 7  79  92 *•. 9 6 3 5 *
5 1 1 5 .  3 847 143..  1 2-  7 4 0 8  * 6 . ^ 4 1 7 0 a . 9 6 3 5 a
52 1 6 . * 31-4 1 * 3 .  1 2.  30 336 6 . 7 0 1 9 6 *.  9 6 3 5 *
53 I S .  2 7 9 0 14 3 .  1 2 .  90 14 i* 6.  6 5 9 2 9 * .  9 6 3 5 *s a 1 6 . 7 319 1 * 3 . 1  ' 2.  3 1 5* 1 6. 7 9 6 36 4 . 9  = 35*
55 17 .  9 7 7 9 1 4 3 .  1 2 - 8 8 * 3 0 6 . 5  530  1 a .  9 6 3 5 a
5 6 2 1 . 1 7 3 9 1* 1 3- 0 4 9 2 7 6.  6 0 5 3 0 *.  9 o  3  5 *
Y = n l x 1 = r e X 2 = £ / d
LY = L CG( Y) LX1= LOG ( XI ) L X 2 = L O G ( X2)
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CBS 1 A 1 X2
57 23.0 700 - 143, 159 26. 9 660 1u3- 159 30.2 620 143. 16 C 31. 6 600 143. 16 1 35.8 579 14 3.. 162 3 3. S 559 143- 163 17.2 954 143. 164 17.5 924 143- 165 18. 1 893 143- 166 13. 1 962 143. 16 7 19.0 831 14 3. 169 19. 9 79 9 143. 169 20. 1 768 14 3, 170 IS. 4 354 143-17 1 1 9. 5 817 143. 172 19. 9 730 143. 1'7 3 21.3 742 143- 174 25. 1 704 143- 175 2 6.3 666 143. 176 23. 3 62 S 143. 177 34. 7 590 143, 179 4 2. 2 551 143.175 = 5 3 512 143. 19 Q 20.6 330 214.63 1 21. 2 8 12 214, 632 , 22.2 794 214.633 2 3.5 775 214.634 25. 1 753 21 4. 6a c =✓ _* 27.7 739 214.696 30. 5 721 214.63 7 3 3.9 702 214. 693 39. 3 632 214. 6SS 4 1. 7 663 214.69 C 49.0 642 214.69 1 40. 0 633 214.692 4 4.5 652 214 . 6
Q  S 57.5 621 214-694 69. 9 591 214,695 12.9 1334 214,6*96 13.0 129 6 214, 697 1 3. 4 1 265 214.6c a■w 13. 9 1230 214. 699 1 4. 3 1 155 2'1 4 . 6100 1 4. 9 1 160 214.610 1 16.0 1 125 214.6102 1 6. 8 1 039 214.610 3 1 9. 0 1 054 214.6104 15.0 1018 214.610 = 13.3 592 214.6106 13. 3 1011 214, 6107 1 5. 9 977 214.6103 20-6 943 214. 610 9 22. 0 303 214.61 10 2 2. 5 373 214.61 1 1 23. 9 833 214. 6112 23. 0 363 2 1  u . .  t?
SAS
1 Y LX1 LX2
3 .  13 549 6.  5 51 0 8 4 .  9 6 3 5 4
3 . 2 9 9 4 0 6 . 4 9 2 2 4 4 . 9 6 3 5 4
3 . 4 0 7 8  4 6 . 4 2 9 7 2 4 .  9 6 3 5 4
3 .  45 3 1 6 6.  3 9 6 9 3 4 . 9 6 3 5 4
3 . 5 7 7 9 . 5 6 . 3 6 1 3 0 4 .  9 6 3 5 4
3.  5 5 3 4 2 6 . 3 2 6 1 5 4 .  9 6 35 4
2 .  8 4 4 9  1 6 . 8 6 0 6 6 4 .  9 6 3 5 4
2 . 9 6 2 2 0 6.  3 2 3 7 1 4 .  9 6 3 5 4
2 .  89 59 1 6 . 7 9 4 5 9 4 .  9 6 3 5  4
2.  99 59 1 6 . 7 S 9 2 6 4.  9 6 3 5 4
2 . 9 4 4 4 4 6 . 7 2 2 6 3 4 .  9 6 3 5 4
2 .  9 9 0 7 2 6 . 6 8 3 3 6 4.  9 6 3 5 4
3 . 0 0 0 7 2 6 - 5 4 3 7 9 4 . 9  5 3 5 4
2.  9 1 23 5 6 . 7 4 9 9 3 4.  9 o 3 5 4
2 .  9 7 0 4 1 6 . 7  C5 64 4 . 9 3 3 5 4
2-  9 9 07 2 6.  6 5 9 2 9 4 . 9  6 3 5 4
3-  0 3 3 7 1 6 . 6 0 9 3 5 4 . 9  6 3 5 4
3.  2 2 2 8 7 6.  = 5 6 7 9 4 . 9  6 3 5 4
3 . 2 6 9 5 7 6 . 5 0 1 2 9 4.  9 6 3 5 4
3 . 2 4 2 9 6 6 .  4 4 2 5 4 4 . 9  6 38-*
3 .  =4 6 7 4 6 . 3 8 0  12 *•» * •s  ̂ •.■*. j  a j  j  *♦
3 .  7 4 2 4 7 6 . 3  1173 4.  9 6 354
4 . 0 8 2 6  1 6 . 2 3 3 3 2 4 . 9  6 3 5 4
3 . 0 2 5 2 9 6.  7 21 43 5.  3 6 S 7 3
2 . G5400 6 - 5 9 9 5 0 5 . 3 5 8 7 8
3.  10 009 6 . 6 7 7 0 9 5.  3 6 8 7  9
3 .  1 57 0 0 6 . 5 5 4 1  5 5 .  3 6 8 7 8
3.  2 2 2 3 7 6 .  6 3 0 6 3 5.  3 6 67 3
3 .  22 143 6 . 6  05 3 0 5.  3 6 8 7 8
3 . 4  1773 6 . 5 3 3 6 4 5 .  3 6 S 7 50 ^3 ay -> 6 . 5 5 3 9 3 • 5- 3 687*:
3 * 6 5 3 4 2 6 . 52  = 03 5.  3 6 9 7  =
3 . 7 3 0 5 0 c . 4 9 6 7 7 —— 3 o c 7 c
3 . 3 9  13 2 6 .  4 6 4 5 S 8.  3 6 8 7  =
3.  63 399 6 . 5 26 49 5.  3 6 5 7 3
3 .  90 22 1 6 .  4 80 0 4 5 . 3 6 5 7 =
4 . 0 5 1 7 3 6 .  4 31 3 = 5 - 3  6 6 7  6
4 . 2 3 1 2 0 6 . 3 3 1 3 2 5.  3 c 5 7 =
2 . 5 5 7 2 3 7 .  1 9 5 9 4 5 . 3 5 8 7 5
2 .  56 49 5 7 . 1 6 7 0 4 5 . 3 6 3 7  =
2 . 5 9 5 2 5 7 . 1 4 2 9 3 5- 3 6 5 7 6
2 .  63 1QQ 7 . 1 1 4 7 7 = - 3 6 37 S
2 . 0 6 0 2  6 7 . 0 3 5 9 0 5.  3 o 3 7 3
2 - 7 0  136 7 - 0 5 6 1 8 5- 3 6 5 7 6
2 .  7 T554 7 . 0  2 5 5 4 5.  3 657  8
= . c '513 8 6 . 9  9 302 = . 3 6 3 7 6
2.  3 9 0 3 7 6 . 4 6 0 = 5 5.  3 6 8 7  52. 9 4 4 4 4 5 .  9 256 0 5- 3 6 6 7  =
2 . 4 3 5 6 3 6.3 3 9 5 9 5 . 3667-0
2 - 9 6 0 1 1 6 . 9  1370 5 . 3 6 87 6
2 . 9 9 0 7 2 6 . 3 94 49 5.  3 a = 7 53. 02 529 6.  3 4 9 0 7 5- 3 56 7  =
3 . 0 9 1 0 4 6 . 9 1 1 2 4 5 . 3 6 8 7  =3. 11 352 6 . 7 7 1 9 4 5 .  3 o 37 53. 1 7 3 5 3 6 . 7  3-10 2 5 . 3 6 6 7 6 '3. 1 35 4  9 6 . 7 6 0 4 1 5 . 3 6 = 7 8
p
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S \ S
OES y XI X2
i-i LX 1 LX2
113 2a .  5 923 2 1 4 . 6 3 .  1 9 3 6 7 6 . 7  129 6 5 . 3 6 3 7 3
1 14 2 6 .  4 7 8 3 2 1 4 -  6 3 . 2 7 3 3 6 6 . 5 6 3  13 5.  3 6 3 7 8
1 15 2 9 .  0 7 4 2 2 1 4 - 6 3 . 3 5 7 3 0 6 . 6 0 9 3 5 5.  3 6 3 7 9
1 16 3 9 7 0 2 214. .  6 3 . 5 5 2 4 9 6 . 5 5 3 9 3 5 . 3 6 6 7 5
1 17 UO. 6 662 2 1 4 - 6 . 3 . 7 0  377 6 .  4 9 5 2 7 5 . 3 6 9 7 9
1 13 5 2 .  2 621 2 1 4 - 6 3 . 9 5 5 0 3 6 - 4 5 1 3 3 5 . 3 6 3 7 8
1 19 6 1 . 1 601 2 1 4 . 6 4 . 1 1 2 5 1 6 . 3 ^ 3 6 9 5 . 3  o 97 3
1 20 6 9 .  9 631 2 1 4 . 6 4 .  24 70 7 6 . 3 6 4 7 5 5 .  3 6 9 7  9
1 21 5 9 -  ^ 60 4 2 1 4 - 6 t4 -  06 38 9 6 .  4 C 3 5 7 5 . 3 5 8 7 8
122 6 7 .  0 579 214. .  6 4 .  2 0 4 6 9 6-  3 6 1 3 0 5.  3 6 87 3
123 8 2 .  4 553 214. .  d 4 . 4  115 9 5-  3 1 5  36 5 . 3  6 3 7 5
1 2 u 9 9 .  5 52 9 214. .  C 4 .  5 9 0 0 * 6.  2 6 9 1 0 5.  3 6 3 7 9
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APPENDIX 3
FLOW CURVE DETERMINATION FOR NON-NEWTONIAN FLUIDS
One of  the most common instruments used to determine the  
Theological p ro p e r t i e s  of a Non-Newtonian f l u i d  i s  a c a p i l l a r y  viscometer.  
The experimental s e t  up used fo r  measuring the laminar length  in the 
present  study a lso  serves  as a c a p i l l a r y  viscometer.  In a c a p i l l a r y  
viscometer the flow ra te  of the f lu id  and- the  corresponding f r i c t i o n a l  
pressure  drop a re  measured. This i s  accomplished by measuring the  drop 
in head and the corresponding in te rva l  of  time. From the r e l a t i o n s h ip
between the head and time', the v i s c o s i ty  o f  the f lu id  a t  various  shear
r a t e s  can be deduced. In order  to e s t a b l i s h  the r e l a t io n sh ip  between 
the head and t ime,  a curve f i t t i n g  technique based on the l e a s t  square 
method is  employed.
Before d iscuss ing  the above mentioned parameter es timat ion 
technique,  i t  is necessary to develop the re la t io n s h ip  used to determine- 
the v i s c o s i ty  of the f l u i d .  This formulation i s  a lready  presented in 
re ference  (w i)  . However, fo r  the sake of  completeness i t  i s  'given 
here.
Fluid from the upstream tank flows into ' the downstream tank due 
to the head d i f f e r en ce .  Let be the d i f fe rence  in leve ls  of the f lu id
in the upstream and downstream tank, a t  time t .  I f  Ah is  the drop in the 
l iqu id  level in one of the  tanks during the time in te rva l  A t, the  head 
d i f fe rence  a t  time t  + At i s  given by h = hu - 2(Ah).
The flow r a t e  can be wri t ten  as
\ in . .
0  = AT TT . . - ^ - 1 )
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5 5
where i s  the area o f  the  upstream tank.  Neglecting minor l o s se s ,  
we can w r i te  th e  pressure  drop as
■ Ap = pgh . . . ( B - 2 )
r*
For s teady ,  f u l l y  developed flow, of  a Non-Newtonian, time independent 
f l u i d  through a v e r t i c a l  c a p i l l a r y  tube the  wall shear s t r e s s
i s
-  = R &  = Roch ,
2 z  “21
and the shear r a t e
Y s K : )  . . . . (B-4)
I t  can be shown th a t
U)° = i_ r  -2
ttR^" t 3tu . c
r  f ( t )  dr  CB-S)
and the apparent f l u i d i t y  is
• r  ■ °e = 5  - C M )
\
S ubs t i tu t ing  equations (B - l ) and (B-2) into (B-6).we obta in
zn h = ( ' l ^ r  *e} 1 + c . . .  (B-7)
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Using (B—3) and s u b s t i t u t i n g  fo r  Ap in (B~6) y ie ld s
T
0}
<J> = —42—  = ^  f  t2 f (x )  d r  . . . ( B - 8 )
irR t t
oi oi
When the above equation i s  d i f f e r e n t i a t e d  with r e spec t  t o '  us ing 
L e ib n i t z ' s  ru le  we net
d<tle r f T̂J= -4 [   ------------ r  ] . . .  (B-9)
v oi u  x
01
Rearranging t h i s  we obta in
Y i d In <>
. 2t R g
Defining S -  and m = -Sp<b and by making use of  equat ion (B-3). e
we can w r i te  equation (B—10) as
From equation (B-7) we see t h a t
. • .  (B-12)
In order  to f ind out the  v i s c o s i ty  of  the f l u i d  a t  a p a r t i c u l a r  shear
r a t e ,  we need to know the values of m and ~  a t  t h a t  shear  r a t e .dt
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This i s  ev iden t  from equat ion ( B - l l ) .  In o the r  words, once the 
r e l a t i o n s h ip  between h and t  is  known the v i s c o s i ty  determination 
i s  simple- A curve f i t t i n g  technique was employed to  formulate t h i s  
r e l a t i o n s h i p .  >.
A re l a t io n sh ip  o f  the form
h * A exp (Bt^ + C-t) . . . . (B -1 3 )
w a s  u s e d .  T h e  p a r a m e t e r s  A,  3 a n d  C w e r e  o b t a i n e d  u s i n g  
t h e  l e a s t  s q u a r e  p r i n c i p l e .
C u r v e  f i t t i n g  o f  t h e  s e c o n d  o r d e r  p o l y n o m i a l  w a s  
c a r r i e d  o u t  u s i n g  a  c o m p u t e r  p r o g r a m  w r i t t e n  i n  BASIC 
, 2 n d  r u n  o n  a n  APPLE l i e  c o m p u t e r .  A l i s t i n g  o f  t h e  
c o m p u t e r  p r o g r a m  i s  g i v e n  i n  a p p e n d i x  C .




m 3  ( i n  h) = 2St  + c — (5-1 A)c t
= 25 . .  . ( 3 - 15 )G
fo r  the .second degree polynomial.
dmIn order to obta in  v i s c o s i ty ,  the  values o f  n,  —  , S andC
•p were su b s t i tu ted  in to  equation (5-11) which was rearranged as follows:
  . . . ( 3 - 1 6 )
i cm -i
f_n)  4m
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The shear stress was calculated using equation (B-3) and the 




The head-time data t h a t  *as taken during the  present  study a re  given in 
Tables 2 through 10 . The values of  v i s c o s i ty ,  shear r a t e  and shear 
s t r e s s  a re  a lso  included.
<1 •
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COMPUTER
50 REM PROGRAM ID CALCULATE VIS 
COSITT 
60 prutt
70 F im  "number of data poibis"
80 IXPUT M 
90 PRIST
100 PRIST “MIMBER OF ITERATIONS 
120 ISPUT BIT
140 DIM H(M) ,T(M) ,L(M) ,CALH(M) >  
(HT),B(HIT)
160 DIM C(BIT) ,DCMT) ,S0P (M) ,ERS 
Q(HIT)»P(10,10)
180 A(l) “ 60 „ ■
200 8(1) -  0.24E r* 06 *
220 C(l) -  -  0.1E -  04 
260 FOR IT -  1 TO SIT 
280 FOR I -  1 TO 4
300 FOR J -  1 TO 5
320 P(I,J) -  0 '
340 SETT J
360 SETT 1
380 FOR I -  1 TO M
400 READ S (I),T (I),L (I)
420 SOP(I) -  EXP (B(IT) * T(I) *
t ( i ) +  c ( r r )  * t ( D )
440 P ( l , l )  -  P ( l , l )  + (HOP(I) * 2 
;
460 ?(1,2) -  P(1,2) + A(IT) * «T  
(I) * HDP(I)) - 2)
480 ?(1,3) -  PCI,3) + A(IT) * T(I 
) * (HDPCI) * 2)
520 ?(1,4) -  P (l,4 ) + HOP(I) * (N 
OP(I) * A(IX) -  H(I))
540 ?(2,1) -  P(1»2)
560 P(2,2) -  P(2,2) + (A(IT) * SO 
P(I) * (T(I) “ 2)) * 2 
580 P(2,3) -  P(2,3) + T(I) * ((A(
IT) * SOP(I) * T (I»  “ 2)
620 ?(2,4) -  ?(2,4) + ((A(rr) * T 
(I) * NOPCD) - 2) -  ((A(IT)
* HOP(I) * H(I); * (T(I) “
2 ))
640 ?(3,1) -  ? (1 ,3)
660- P(3,2) -  ?(2 ,3)
680 ?(3,3) -  P(3,3) f  (A(IT) * T(
I) * SDP(I)) * 2 
720 ?(3,4) -  ?(3,4) + (T(I) * (A(
IT) * SOP(I)) -  2) -  (T(I) * 
A(IT) * SD?(I) * E(I))
PROGRAM
740 SETT I
760 P (l,4 ) -  -  P (l,4 )
780 P(2,4) -  -  P(2,4)
800 P(3,4) -  -  P(3,4)
842 FOR K -  I TO 3 
'844 FOR J -  1 TO 4 
846 F(X,J) -  P(X,J) /  LE03 
848 SETT J 
850 SETT X 
1500 B -  3
1520 FOR I -  1 TO S 
1540 IF I -  1 GOTO 1800 
1560 FOR X -  1 TO \  -  1
1580 FOR J -  1 CTO B + 1
1600 IF J -  I GOTO 1760 
1620 A -  P(I,J)
1640 B -  P(X,I) .
1660 C -  P (I,I)
1680 D -  P(X,J)
1700 E -  A * B 
1720 F “ C * D 
1740 P(X,J) -  E -  F 
1760 SETT J 
1780 SETT X
1800 FOR X -  I + 1 TO N 
1820 IPX > S GOTO 2100 
1840 FOR J ■ 1 TO S + 1
1860 IF J -  I.GOTO 2020 
1880 A -  ? (I,J )
1900 B -  P(X,I)
1920 D -  P(X,J)
1940 C -  P (I,I)
1960 E -  A * B
1980 F -  C * D
2000 ?(X,J) -  E -  F
2020 SETT J
2040 P(X,I) - 0
2060 ■ SETT X
2080 SETT I
2100 FOR I -  1 TO K
2120 1(1) -  PCI,5 + 1) /  PCI,!)'
2262 V -  1(1)
2263 U -  X(2)
2264 tf -  1(3)
2230 SETT I 
2300 PRIST U,V,W
2410 A (IT + 1) -  V + A(TT)
2420 3(rr + 1) -  D + 3(IT)
2430 C(IT + 1 )  -  tf + C(IT)
2432 PRIST "A(“;IT + 1;“)-';A(IT
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2434 PRINI "B(";IT + 1; ")-";B(IT 
+ 1)
2436 PEI5T "C(";IT + 1;")-";CCIT 
+ 1 )
2440 ERSQ(IT) -  0 
2450 FOR I -  1 TO M 
2460 CALH(I) -  A(IT + 1) * EXP ( 
(B(IT + 1) * T(I) * TCI)) +
(ccr r  + i )  * T (i)))
2470 ERR -  CALS(I) -  HCI)
2480 ERSQ(IT) -  ERSQ(IT) + (ERR * 
2)
2482 FOR S -  1 TO 50
2483 HEXT S 
2490 HEXT I
2495 PRIHT "ERSQ(";IT;")-";ERSQC 
IT)
2497 PRIST "-----------------------------
2500 IF IT -  I GOTO 2530 
2510 IF ERSQ(IT) < ERSQCIT -  I) COTO 
2530
2520 IF ERSQCIT) > ERSQCIT -  I) COTO 
2550 
2530 RESTORE 
2540 SETT *IT 
2550 RAD -  0.71045E -  03 
2560 PRIHT "LENCTH OF CAPILLARY 
TUBE ";
2570 INPUT MEL
2580 PRIHT "ID OF OVERHEAD TANK"
9
2590 INPUT ID
2600 PRIHT "DENSITY OF M-Y. SOLU 
TIOH 
2610 INPUT RHO
2630 CAP -  RAD * RHO * 9.810 /  C2
* NHL) '
2650 S -  (RAD * 4) * 9.810 /  (SEL
* ID * ID)
2670 FOR I -  I TO M
2690 STRESS -  CAP * H(I) * 2.54E -  
02
2710 SLP ■ (2 * B(IT) * TCI)) + C '
( r r )
2730 DER -  2 * B(IT)
2750 U -  DER /  C4 * SL? * SLP)
2770 V -  SLP /  CS * RHO)
2780 VIS -  -  1 /  CV * Cl + U))
2790 SHEAR -  STRESS /  VIS
' 6 0
2800 VEL -  -  (CID /  (2 * RAD)) “
2) * HCI) * 2.54E -  02 * SLP
2810 REN -  RAD * VEL * 1E03 /  VIS
2820 PRINT
2825 PRIHT "HEIGHT -  ";HCD * 0.
0254,"TIME -  ";T(I)
2830 -PRIHT "SH SIR -  " ;STRESS;-
SH RATE -  ";SHEAR;" VI
SC -  ";VTS 
2840 PRINT “RE HUM “ ";REN,"N D 
LAM LENGTH -  ";LCI) * IE -  0 
3 /  (2 * RAD)
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A P P E N D IX  D 
P R E P A R A T I O N  OF M IL L IN G  Y E L L O W SOLUTION
T h e  d y e  u s e d  i n  t h e  p r e s e n t  s t u d y  w a s  K e v a c i d
M i l l i n g  Y e l l o w  3NGS c o d e  8 0 1 - 0 4 4 - 5 1 - 5 ,  L o t  B 2 1 0 9 .  I t  c a n  
b e  o b t a i n e d  f r o m  K e y s t o n e  A n i l i n e  a n d  C h e m i c a l s  C o . ,
C h i c a g o ,  I l l i n o i s  U . S . A .  T h e  p r o c e d u r e  f o r  p r e p a r i n g  t h e  
s o l u t i o n  i s  g i v e n  b e l o w .
(a)  D i s t i l l e d  w a t e r  w a s  b r o u g h t  t o  b o i l i n g  s t a t e  
a s  t h e  d y e  p o w d e r  d o e s  n o t  d i s s o l v e  i n  w a t e r  a t  r o o m
t e m p e r a t u r e .
( b )  D y e  p o w d e r  i n  t h e .  a m o u n t  t h a t  y i e l d e d  a
s o l u t i o n  o f  1 % b y  w e i g h t  w a s  t h e n  a d d e d  t o  t h e  b o i l i n g
w a t e r  i n  s m a l l  b a t c h e s .  T h i s  i s  t h e  m a x i m u m  c o n c e n t r a t i o n  
t h a t  c a n  b e  p r e p a r e d  i n i t i a l l y .  To  o b t a i n  s o l u t i o n s  o f  
h i g h e r  c o n c e n t r a t i o n ,  t h e  1 % s o l u t i o n  m u s t  b e  h e a t e d  t o  
e v a p o r a t e  t h e  e x c e s s  w a t e r .
( c )  E a c h  t i m e  t h e  d y e  p o w d e r  w a s  a d d e d  t h e
s o l u t i o n  w a s  s t i r r e d  c o n t i n u o u s l y  t o  d i s s o l v e  i t  
c o m p l e t e l y .
( c )  T h e  s o l u t i o n  w a s  t h e n  a l l o w e d  t o  c o o l  d o w n  t o  
r o o m  t e m p e r a t u r e .
( e )  T h e  pH v a l u e  o f  t h e  s o l u t i o n  h a s  t o  b e
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a p p r o x i m a t e l y  7 i n  o r d e r  t o  o b t a i n  a  f l u i d  w h i c h  h a s  g o o d  
b i r e f r i n g e n t  c h a r a c t e r i s t i c s .  F o r  t h i s  p u r p o s e ,  a  s m a l l  
a m o u n t  o f  p h o s p h o r i c  a c i d  (40% c o n c e n t r a t i o n )  w a s  a d d e d  t o  
t h e  s o l u t i o n .  I n s t e a d  o f  m e a s u r i n g  t h e  pH v a l u e ,  i n  t h e  
p r e s e n t  w o r k ,  t h e  s o l u t i o n  w a s  p l a c e d  b e t w e e n  t h e  p o l a r i z e r  
a n d  a n a l y z e r  a n d  s t i r r e d  c o n t i n u o u s l y  i n  o r d e r  t o  p r o d u c e
m o t i o n .  A c i d  w a s  a d d e d  u n t i l  s a t i s f a c t o r y  c l a r i t y  a n d  
b i r e f r i n g e n t  c h a r a c t e r i s t i c s  ( f r i n g e s )  w e r e  a c h i e v e d .
( f )  T h e  s o l u t i a a ^ w a s  h e a t e d  t o  i n c r e a s e  t h e  
c o n c e n t r a t i o n  t o  v a l u e s  a b o v e . 1 %, w h e n  r e q u i r e d .  '
( g )  T h e  s o l u t i o n  w a s  t h e n  s t o r e d  i n  a i r  t i g h t  
p l a s t i c  c o n t a i n e r s .
I n  t h e  p r e s e n t  s t u d y ,  s o l u t i o n s  h a v i n g
c o n c e n t r a t i o n s  o f  1 . 0 3 1  % a n d  0 . 9 9 2  % w e r e  u s e d .
M a j o r  f a c t o r s  w h i c h  i n f l u e n c e  t h e  b i r e f r i n g e n t  
c h a r a c t e r i s t i c s  o f  t h e  f l u i d  a r e  i t s  c o n c e n t r a t i o n ,  a c i d i t y  
a n d  a g e .  A g i n g  o f  a  s o l u t i o n  i n  o p a q u e  c o n t a i n e r s  i m p r o v e s  
i t s  b i r e f r i n g e n c e .  S o l u t i o n s  h a v i n g  a  c o n c e n t r a t i o n  o f  1 % 
b v  . w e i g h t  _ a n d  g r e a t e r  a r e  q u i t e  b i r e f r i n g e n t .  A h i g h e r  
c o n c e n t r a t i o n ,  h o w e v e r ,  y i e l d s  a  m o r e  v i s c o u s  s o l u t i o n .




The uncertainty analysis is carried out using the Kline and
McClintock method (KD. The data used in this analysis are taken for
one of the worst cases of fluid A with the 0.305 m pipe in use. The
uncertainty in the following quantities are estimated: d, NT , h, 4̂ - , ̂ L dt
2 » dt”’ ^r* Tw » w » Q» ^  and 1/d.dt
Laminar lengths for four different Reynolds number are considered 
h'L - 21.2 Re - S12 (Table 11)
(L - 30.1 mm)
N'l - 68.S'" Re - 591 (Table 12)
(L “ 97.7 mm)
N’l - 130.1 Re - 232 (Table 13)
(L - 1S5.2 mm)
N “ 33.2 Re * SI "'MTable 14)
(L ” 47.1 mm)
- >
For the uncertaintv analvsis of viscositv and other related cuanit
the following data are used:
0.303 n
ih - 0.127 m
(Table 5)
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- 3where n ■ (4.62 -  0.01) x 10 kg
I  -  (225 i  5) x 10~3 m
-  (13.5 ± 0.2) x 103 kg/a3
Now
C « = r i i= ) is «  >2  + ( -c — 5— r ) % V 2  + » „  ) 2 i
!<
'c ^  °  ^ " P n *  ° H8tig Hg
Therefore, d “ (1.42 - 0.02) x 10 3 a (± 1.42)
(2) Non diaensional Laainar Length (N^)
The uncertainty W^, for the laainar length L» for different Reynolds 
nusber ranges are estimated as follows:
L - (30.1 r3.0) x 10_-> a  (£102) for 641 < Re < S40
■ L = (97.7 r10.0) x,10~J a  (£10.22) for 591< Re< 636
L.» (1S5.2 r20.0) x  10~J a  (£10.SZ) for 194 < Re < 397
L - (47.1 £ 510) x  10“3 a (rlO.62) for 147 < Re < 169
The non diaensional laainar length is given by
where d - (1.42 r 0.02) x  10_3 a
and the values of L are as given above.
Now
oN. -) oN, -1 ^  W 2 T
w ” [ ( t t ^  «T) + O^rr1  ̂ "N. cl L od d c du c
&
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w h i c h  g i v e s
Nl - 21.2 ± 2.1 (±9.9Z) for 641 < Re < 840
^  - 68.8 ± 7.1 (±10.31) for 591 < Re < 636
- 130.4 ± 14.2 (±10.93) for 194 < Re < 397
Nl - 33.2 ± 3.6' (±10.Q Z ) for 1*7 < Re < 169
(3) Head (h) ,
/
Head is given as 
h =* h^ - 2Ah (
where
h^ “ (557 ±7) x 10 ^ a 
Ah - (127 * 2) x 10-3 a
Now
w _ , ,3h T, ,2, ,3h_ r. , 2 ^  r,T7 ,2 ^ ) 2]’5
Therefore
h - (303 ± S) x 10"3 a (±2.6%)
(4) Slope of h versus t (dh/dt)
The h versus t data are curve fitted using the relation
2h » A exp (3t“ -r Ct)
dll - -ITherefore —  “ A exp (5t ■+■ Ct) x (23t + Od W
*■ h(23t C)
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where h - (303 ±8) x 10~3 a
B * 1.1340 x 10 7 * Q sec 7 
C - 1.22455 x 10~3 ±0 sec'1 
t - (516 CO.5) sec
u - r,3(3h/3t) . .2 3 (oh/at:) .. s -  - , h
Wdh/dt L( 3h V +( si  V. ]
= [((2Bt + C)W )2 + (23h W J 2j*
Now
which gives
(-0.336 i 0.009) x 10-3 n.s (r2.7%)
(5) Slope of (dh/dt) versus t (d“h / d O
and
where
§ - h ( 2 3 t + C )
(2Bt -(■ C) ■ + 23h 
dt" ’ dc
3 = 1.13410 x 10 ‘ rO sec ~
C = -1.22455 x 10~J i0 sec_T
t = (516 : 0.5) sec
- ah = 303 -  S) x 10
- .(-0.336 ± 0.009) x 10~J c/sec
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Now,
V h / d t 2 ‘  ^3h Kĥ  + ^ dh/dt Kd h /d /~
+ [fc <A>
0 t
-  {[2B«h] 2 + [< 2 B c « ) Hdh/d.c ] 2 + [23  f  " /
w h i c h  g i v e s
^ - 4  -  (441 ± 10) x  10 2
dc2 sec
( 6 )  S l o p e  o f  £ c  h  v e r s u s  t  ( a )
We h a v e  a  -  4 -  ( £ a  h)  = r
d c  h  d c
w h e r e h  =• (303  r  8 )  x  10  2 a
4 r  ■ ( -  0 . 3 3 6  a 0 . 0 0 9 )  x 1 0 ~ 3 a / sC i-
Now,
w  =  T ( —  w  ) 2  -  r i H   r r  =  r e -  i  Q  a  >, 2  ■
-  . 3 h  h  3 d h / d t  d h / d t  -   ̂ 2 d r  h  ^
h
w h i c h  g i v e s  a  = ( -  111  :  3 )  x 1 0 -:5 s e c - 1  (a 2 .7 ~ . )
( 7 )  S l o p e  o f  a  v e r s u s  c ( d a / d c )
( I  i t )  » i  [£H  -  I r ^ 2l
d c  dc  h  dc  h  2 h ^ d c ; J
dc
w h e r e  h  = ( 3 0 3  a  S) x  1 0 ~ J a
~r— -  ( -  0 . 3 3 6  a 0 . 0 0 9 )  x  10 J  a / s e c  c c
d “ h . . .  — o
— ^  = ( ^ ^ 1  r  10 )  x  1 0  a / s e c ~
dc~
6 7
^h ^ d h /d
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V .
* " *  V d .  -  W d o v 2 +  [  w \ / d t ]^
+ [  S ( d p / d t )  v   ̂ 2  . Jj .
3 ( d 2 h /d t~ )  d ^
which gives'
| f  * (23 ± 13) x 10 8 sec-2  (*56Z)
(3) Area of Tank




vnere D = (50.8 ± 1) x 10-3
Sow w = [ ( I i l u ) 2 f *  = [ ( i £  K ) 2 f -
At  L 3D D J L ? tv J
which gives
(9) Parameter S
‘S* = (3.03 r O.OS) x 10 3 cT (r3.9%)




d = , ( 1 . 4 2  r  0 . 0 2 )  x 1 0  3 
2 -  ( 3 0 5  r  1 )  x  1 0 ~ 3 a
•'V '  (3 .03  r 0.08) x 10 - J  -  2
Now I- = T r a S r- \ 2  , ; c  -> A ,
cd d 'Z* Vv< > ^ Os—  \\ ) r -
.  *4
*d  ̂ *> ) + (— —̂    r: \
1 A •* r * “* *  ̂ '0 * 4  A, T  /  -  -  . X.
which gives s = (31 6 10 , ,
x iu = /sec (07.01')
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(10) Density of M illing Yellow (p)
P = -M V
where a * (30.03 ± 0.01) x 10~3 kg




■( which gives p -  (1001 ± 17) kg/n (±1.7%)
(11) Apparent V iscosity (n)
4 n
w h e r e  S = ( 3 1 . 6  ± 2 . 2 )  x  10  n ~ / s e c
P = ( 1 0 0 1  ± 17)  k g / n 3 
a  = ( -  111  ± 3)  x  10  3 s e c  3
^  = (23  ± 13) x  1 0 ~ 1 0  s e c " 2
N ow  v -  [ ( | 2 .  W ) 2  +  (| a  w ) 2 +  (£ H  w ) 2  +  ( - p -- -  w . ) 2 ] i2
■i eS S aD p on  a  a^<Sm/dt)  d n / d t
which g i v e s  r\ = (2S.5 ± 2.2) x 10 4 Pa sec  J (±7.7%)
/
(12) -Wall Shear Stress (t )V
- - ^ gh  = Pghd
'w - r  2 Z  h£
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where - d » (1.42 ± 0.02) x 10~3 m
p - (1001 ±17) kg/m3
h - (303 ± 3) x 10-3 b
I  (305 ± 1 ) x 10~ 3  b  
3t 3 t  -  3t „ 3x
N° "  * ^ S T  » 2 ) 2  *  V 2  + .
. W -  W. ,  W. ,  «  ,
T» x C(_r r  +  (-  - r >  * .  (tt >  + <-£> 30
which gives t * (3.46 ± 0.12) Pa (±3.5%)w
(13) Wall Shear Rate (y )w
Y = t  ,/n
where t = (3.46 ± 0.12) Paw
0 =* (28.5 ± 2.2) x 10 4 Pa sec
Now
3y ,  3y TT ,2  ,
■ “s f  v 2 * V  ^w W
= Yv x [ ( - V  + ( ^ V ] -U T) l
V
vhich gives
^ —1yw = (1.214 ± 0.103) x 10° sec x (±8.5%)
(14) Volumetric Flow Rate (0)
Q J t l2 dt
where ^  = (2.03 ± 0.08) x 10~J nT
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V
-  r  /- ^ 2  . , Wd h /d t^ 2 -r%
Q x L C - ^ - )  -  C --db7dT) r
.  * r
-7  3which gives Q * (3.41 -  0.16) x 10 = / sec (iA . / -)
(15) Average Velocity (V)
v - £ 2 -  * ■?
r d “
where Q “ (3-A1 -  0.16) x 10 x 3/sec
N o w
' d -  (1.A 2 = O.OSJ/'x 10 3 k
-- « rV3v -  • r 3 7  --V. [(3Q “Q3 T  3Z “d J
-  0  2  — d 2 -*
V X  l ( - ^ )  -  (  -  - £ ) V
‘ 0  C
which gives V * (215 r 12) x 1C J =7sec (r5-6Z)
( 2 - )  S e y x o l d s  N t i x . b e r  ( 2 e )
_ i  ‘ C* -----
where i  “ (1001 -  17) kg /x "
(1.12 r 2.22) x
' z .  -sec
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7 2
Sow
y .  TriSS. y )2 + f52e v %2 + r5£e s  ->2 . S2e .2t%
2e LtSs_V oV V  + T V  t (sT V  j
- 2* x rc-#)2 -  (^>2 + Ch2 -  (- ^ )2j*-  * c  TJ
whirs gives ,2e - 107 a 10 (=9.32)
(17) Length zo diasaerer ra tio of the cose (i/d)
Tbe uacerrafsry for r.he ratee different rabe is esc.
i - (305=1) x 10_3=
L - (203=1) x 10_3x N
I  -  (102=1) x 1C_3=
sad d - (1.42=0.02) -x 10“^=
Sow
_ 3̂ 1/d .. '2 1/c .. ,2-% -/‘i.2 , i .2—
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APPEHDIX f
1
Properties c f  toe Milling Tel low f l uids










C a p illa ry  V isc ome t er -3ata
I
*
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T ab le  2
I n i t i a l  head d i f f e r e n c e  = 1 .740  m F lu id  = A 2
P i t t e d  C urve: h = A exp(B ta + C t) E = 7 .3  E -05  m
w here  A *  1 .7 3 9  m
B = -1 .5 1 0 0 1  E -0 9  s e c ,
C = -1 .4 7 1 3 2  E -0 4  s e c
A verage T e s p e r a tu r e  = 1 9 .0  C _  P ip e  le n g th  = 0 .3 0 5  m
sf.




S h e a r  S a te  
s e c ~ l
S h e a r  S t r e s s  
Pa
V is c o s i ty * E  03 
Pa s e c
1 .7 4 0 0 0 0 8001 1 9 .9 1 2 .4 9
1 .7 0 9 117 7881 1 9 .5 6 2 .4 8
1 .6 8 4 2 2 0 7782 1 9 .2 7 2 .4 8
1 .6 5 9 319 7681 1 8 .9 8 2 .4 7
1 .6 3 3 422 7580 1 8 .6 9 2 .4 7
----------i v 6C8 -5 2 7  - -  -  7479 — 1 8 .4 0  - ...........2 .4 6
1 .5 8 2 634 7378 1 8 .1 1 2 .45
1 .5 5 7 742 7277 1 7 .8 2 2 .4 5
1 .5 3 2 852 7175 1 7 .5 3 2 .4 4
1 .506 964 7073 1 7 .2 4 2 .4 4  -
1 .4 8 1 1078 6971 . 1 6 .9 5 2 .43
1 .455 1193 6869 1 6 .6 6  - 2 .43
1 .430 1311 %  6766 1 6 .3 7 2 .4 2
1 .405 1429 6662 . 1 6 .0 7 2 .41
1 .379 1551 6559 1 5 .78 2 .41
1 .354 1677 6455 1 5 .4 9 2 .40
1 .328 1801 6351 1 5 .2 0 2.39
1 .303 1929 6246 1 4 .9 1 2 .3 9
1 .278 2061 6141 1 4 .6 2 2.38
1 .2 5 2 2194 6036 1 4 .3 3 2.37
1 .227 2330 5931 . 1 4 .0 4 • 2 .3 7
1 . 2 0 1 2413 5817 13 .75 2.36
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T ab le  3
I n i t i a l  head d i f f e r e n c e  = 1 .303  m F lu id  = A
P i t t e d  C urve: h = A exp(B t*+  C t) e = 1.3* E -06  m
w here  A = 1 .3 0 3  m
B = 7 .2 5 1 9 7  E -1 0  s e c  ~
C = - 1 .5 1 8 7 8  E -0 4  s e c - i
^  A verage  T e m p era tu re  = 1 9 .0  C P ip e  l e n g th  = 0 .3 0 5  m
T




S h e a r  R a te  
s e c - 1
S h e a r  S t r e s s  
Pa
V is c o s i ty * E  03 
Pa s e c
1 .3 0 3 0 0 0 6510 1 4 .9 1 2 .2 9
1 .2 6 5 195 6308 1 4 .4 8 2 .2 9
1 .2 4 0 330 6174 1 4 .1 9 2 .3 0
1 .2 1 4 . 467 6039 1 3 .8 9  ' 2 .3 0
1 .1 8 9  ' 607 590S 1 3  60 2 30
1 .1 6 3 751 5771 1 3 .3 1 2 .3 1
e 1 .1 3 8 899 5638 1 3 .0 2 2 .3 1
1 .113 1048 5504 1 2 .7 3  . 2 .3 1
1 .0 8 7 1 2 0 2 5371 1 2 .4 4 2 .3 2
1 .0 6 2 1359 5237 1 2 .1 5 2 .3 2
1 .0 3 6 1520 5104 1 1 . 8 6 2 .3 2
1 . 0 1 1 1686 4971 1 1 .5 7 2 .3 3
0 .9 8 6 1855 4839 1 1 .2 8 2 .33
0 .9 6 0 2032 4706 1 0 .9 9 2 .3 3
0 .9 35 2209 4574 10 .70 2.34
0 .9 0 9 2393 4442 10 .4 1 2.34
0 .8 8 4 2586 4310 1 0 . 1 2 2 .35
0 .8 5 9 2785 4179 0 9 .83 2.35
0 .8 3 3 2986 4047 0 9 .5 3 2.36
0 .8 0 8 3198 3916 0 9 .2 4 2.36
0 .782 3417 3785 0 8 .95 2.37
0 .7 57 3645 3654 0 8 .6 6 2.37
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TStble 4
I n i t i a l  head d i f f e r e n c e  = 0 .814  m F lu id  = A
F i t t e d  C urve: h = A exp(B t2 + C t) e = 1 .4  E -0 7  m2
w here A = 0 .8 1 4  ■
B = 1 .8 8 9 6 2  E -0 9  sec~~
C = -1 .4 5 6 3 9  E -0 4  s e c - 1
A verage T e n p e ra tu re  = 1 9 .0  C P ip e  le n g th  = 0 .3 0 5  m




S h e a r  R a te  
s e c
S h e a r  S t r e s s  
Pa
V is c o s i ty * E  03 
Pa s e c  .
• 0 .8 1 4 ooo 4011 9 .3 2 2 .3 2
0 .7 8 5 251 .  3845 8 .9 9 2 .3 4
0 .7 6 0 480 ' 3700 • 8 .6 9 2 .3 5
0 .7 3 4 717 3556 8 .4 0 2 .3 6
0 .7 0 9 963 3413 8 . 1 1 2 .3 8
_____ -Q_68.4_'- . 1 2 2 0 327.0 7 .8 2 2 ,3 9
0 .6 5 8 1492 3128 7 .5 3 2 .4 1
0 .633 1771 2986 7 .2 4 2 .4 2
0 .6 0 7 2069 2845 6 .9 5 2 .4 4
0 .5 8 2 2380 2705 6 . 6 6 2 .4 6
0 .5 5 7 2707 ' 2566 6 .37 2.48
0 .5 3 1 3054 - 2428 6 .0 8 2.50
0 .5 0 6 3421 2290 5.79 2.53
0 .4 8 0 3815 2153 5.50 2 .55
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T ab le  5
I n i t i a l  head d i f f e r e n c e  = 0 .557 m F lu id  * A
P i t t e d  C urve: h * A exp(B t2 + C t) c * 5 .3  E -0 5  m 2
w here  A * 0 .5 5 4  m
3  -  1 .13410  E -0 7  s e c " 2 
C « -1 .2 2 4 5 5  Ew-0 3  s e c  ~ l
A verage T e n p e ra tu re  * 1 9 .0  C P ip e  le n g th  * 0 .3 0 5  m




S h ea r R a te  
s e c
S h e a r  S t r e s s  
Pa
V ls c o s i ty * E  03 
Pa s e c
0 .5 5 7 0 0 0 2547 6 .3 7 2 .5 0
0 .5 0 6 076 2285 5 ,7 9 2 ,5 4
0 .4 6 1 153 2051 5 ,2 7 2 ,5 7
0 .4 1 5 240 1819 4 .7 5 2 ,6 1
0 .3 7 4 - -328- -1615 4 .2 8 2 ,6 5
0 .3 39 414 1439 3.87 2 /6 9
. .0 .303 516 1263 3.47 2 .74
0 .273 619 1115 3 .1 2 2.80
• 0 .2 47 701 995 2.83 2.84
0 . 2 2 2 • 805 875 2 .54 2.90
0 .1 9 6 924 757 2.25 2.97
0 .171 1067 640 1.96 3.06
0 .1 5 1 1 2 0 0 548 1.72 3 .14
0 .130 1362 456 1.49 3 .25
0 . 1 1 0 1559 ' 370 1.26 3.40
0 .090 1812 285 1.03 3 .60
0.074 2055 223 0 .85 3.82
0 .059 2379 163 0 . 6 6 ■ 4 .14
0.044 2S32 107 0 .50 4 . 6 6
0.034 3278 073 0 .3 5 5.31
0.029 3582 057 0 .3 3 5 .79
0.024 3977 042 0 .2 7 6 .38
0 .02C 4405 034 6 .67
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T able 6
I n i t i a l  head d i f f e r e n c e  * 1 .780  m . F lu id  « B
F i t t e d  Curve: h * A exp(Bt* + C t) £ -  5 .0  E -06 m 2
w here  A * 1 .7 8 0  m
B -  -9 .5 0 6 6 3  E -1 0  s e c - 2
C -  -1 .8 2 9 2 5  E -0 4  s e c - 1
A verage T e m p era tu re  -  2 1 .5  C P ip e  le n g th  -  0 .3 0 5  m




S h ea r R a te  
s e c  - 1
S h e a r  S t r e s s  
Pa
V is c o s i ty * E  03 
Pa s e c
1.780 0 0 0 10395 20 .3 7 1 .9 6
1.743 113 10194 19 ,9 5 1.96
1 .708 230 09998 19 .54 1 ,9 5
- - I v 6SS 2-92 - - —0 9 3 3 5 --  - ■19,33. • 1 ,9 5
1 .667 358 09774 19 .08 1.95
1 .642 442 09633 18 .79 1.95
1 .616 527 09493 18 .50 1.95
1 .591 614 09352 18 .,20 1.95
1 .566 701 09211 17 .91 1,94
1.540 790 09071 17.62 1.94
1 .515 880 08930 17 .3 3 1.94
1.469 971 08788 17.04 1.94
1.464 1064 06647 16.75 1.94
1.439 1158 08505 16.46 1.94
1.413 1255 08364 16 .17 1.93
1.366 1351 08221 15.86 1.93
1.362 1450 06080 15.59 1.93
1.337 1550 07938 15.30 1.93
1.312 1653 07795 15.01 1.93
1 .266 1760 07653 14.72 1.92
1 .261 1669 07510 14.43 1.92
1 .235 1963 07366 14.14 1.92
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T a b le  7
I n i t i a l  head  d i f f e r e n c e  « 1 .3 0 0  m F lu id  * B
P i t t e d  C u rv e : h « A e x p (3 t2  + C t)  % e « 1 .1  E -0 7  m 2
w here A « 1 .3 0 0  m
B -  -1 .4 5 8 0 2  E -0 9  s e c " 2
. C -  -1 .8 7 6 9 3  E -0 4  s e c " 1
A verage  T e m p era tu re  » 2 1 .5  C P ip e  le n g th  * 0 .3 0 5  m




S h e a r  R a te  
s e c " 1
S h e a r S t r e s s  
Pa
V is c o s i ty * E  03 
Pa s e c
1 .300 0 0 0 7738 1 4 ,87 1 .9 2
1 .2 6 1 161 7525 1 4 .4 3 1 .9 2
1 ,2 3 5  . 270 7386 1 4 .1 4 ' 1 .9 1
1 . 2 1 0 380 7247 1 3 ,8 5 ■ 1 .9 1
1 .185 493 7108 1 3 .5 5 1 ,9 1
1 .159 607 6968 13 ,26 1 .9 0
1 .134 724 . 6828 1 2 ,97 1 .90
1 .1 0 8 843 6 6 8 8 1 2 , 6 8 1 .9 0
1 .083 965 6548 12 ,39 1,89
1.058 1089 6407 1 2 , 1 0 1 .89
1 .032  ' 1216 6266 11 ,81 1,89
1 .007 1347 6124 11 ,52 1 , 8 6
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T a b le  8
i  •
I n i t i a l  head  d i f f e r e n c e  = 1 .093  m F lu id  = B
P i t t e d  C urve: h = A exp(B tt + C t) £ = 9 .4  E -0 8  m~
w here  A = 1 .0 9 3  m
B = -2 .5 5 1 4 9  E -1 0  s e c " ;
C = -1 .8 7 7 2 1  E -0 4  s e c - 1
A verage T e m p era tu re  = 2 1 .5  C P ip e  le n g th  = 0 .3 0 5  m




S h ea r R a te  
s e c " 1
S h e a r  S t r e s s  
Pa
V is c o s i ty * E  03 
Pa s e c
1 .093 0 0 0 6620 12 .5 1 1 .8 9
1 .061 156 6432 1 2 .1 5 1 .8 9
1 .036 284 6 2 S t n  as• | - v v  -  —  - 1 .8 9
1 . 0 1 1 417 6129 1 1 .5 6 ' 1 .8 9
0 .9 8 5 552 5977 11 .2 7 1 .8 9
0 .960 691 5825 1 0 .98 1 .8 9
0 .9 34 834 5673 1 0 .69 1 . 8 8
0 .9 09 980 5521 10.40 1 . 8 8
0 .8 8 4 '1131 5369 1 0 . 1 1 1 . 8 8
0 .8 5 8  • 1286 5217 0 9 .8 2 1 . 8 8
0 .833 1445 5065- 9 .53 1 . 8 8
0 .8 0 7 1609 4913 9 .2 4 1 . 8 8
0 .782 1778 4760 8 .95 1 . 8 8  '
0 .757 1953 4608 8 . 6 6 1 . 8 8
0 .7 3 1 2134 4455 8 .3 7 1 . 8 8
0,706 2323 4303 8 .08 1 . 8 8
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T ab le  9
I n i t i a l  head d i f f e r e n c e  = 0 .777 m F lu id  = B.
F i t t e d  C urve: h = a  expCBtN- c t )  £ » 9 . 4  £  -0 7  m2
w here  A = 0 .7 7 7  m
B = 2 .1 8 6 6 4  E -0 9  s e c " 2 
C = -1 .8 4 6 6 7  E -0 4  s e c - 1
A verage T e m p era tu re  = 2 1 .5  C P ip e  le n g th  = 0 .3 0 5  m




S h e a r  R a te  
s e c ' 1
S h e a r  S t r e s s  
Pa
V is c o s i ty * E  03 
Pa s e c
0 .7 7 7 0 0 0 4796 8 .8 9 1 .8 5
0 .7 49 2 0 1 4603 8 .5 7 1 . 8 6
__.........0 .7 2 4 -  3 9 0 - A A ''O ____-------- -  8 7 2 8 ' " ‘ ‘ -1787
0 .6 9 8 586 4254 7 . 9 9  • 1 . 8 8
0 .6 7 3 790 4080 7 .7 0 1 .8 9
0 .647 1 0 0 1 3907 7 .4 1 1 .9 0
0 .6 2 2 1 2 2 2 3735 7 .1 2 1 .9 1
0 .597 1453 3564 6 .83 1 .9 2
0 .5 7 1 1700 3393 6 .5 4  • 1 .9 3
0 .546 1959 3223 6 .25 1 .9 4
0 .520 2231 3053 5 .9 5 1 .95
0 .495 2519 2885 5.66 1 .96
0 .470 2830 2717 5 .37 1 .9 8
0 .444 3145 2551 5 .08 1 .9 9
0 .419 3488 2385 4 .7 9 2 . 0 1
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T ab le  10
I n i t i a l  h e a d  d i f f e r e n c e  = 0 .5 5 9  m F lu id  = 3  _
F i t t e d  C u rv e : h  = A e x p (B t2  + C t)  e = 1 .1  E -0 5  m
w here A = 0 .5 5 9  m
B = 1 .1 3 2 9 4  E -0 7  s e c - 2  
C = -1 .7 9 7 7 2  E -03  s e c - 1
A verage T e m p era tu re  = 2 2 .0  C P ip e  le n g th  = 0 .305  m




S h e a r  R a te  
s e c
S h e a r  s t r e s s  
Pa
V is c c s i ty * E  03 
Pa s e c
0 .5 5 9 0 0 0 3680 6 .4 0 1 .7 4
Q .5 1 5 '_____ __046__ 3370 5_,89 1 .7 5
0 .464 105 3015 5 .3 1 1 .7 6
0 .4 1 8 164 2699 4 .7 9 1 .7 7
0 .3 7 8 2 2 2 2419 4 .3 2 1 .7 9
0 .3 4 2 279 2176 3 .9 1 1 .8 0
0 .307 342 1934 3 .5 1 1 .8 1
0 .2 7 6 403 1728 3 .1 6 1 .8 3
0 .2 5 1 460 1558 2 .87 1 .8 4
0 .2 2 5 523 1389 2 .5 8 1 . 8 6
0 .205 579 1254 ' 2 .35 1 .8 7
0 .1 8 5 642 1 1 2 1 2 . 1 1 1.89
0 .1 6 4 712 988 1 . 8 8 1.90
0 .1 4 4 794 857 1 .6 5 1 .9 2
0 .124 889 726 1 .42  ■ 1.95
0 .1 0 3 1 0 0 2 598 1 .1 8 1 .9 8
0 .0 8 8 1104 502 1 . 0 1 2 . 0 1
0 .0 73 1229 408 0 .8 3 2.04
0 .058 1386 316 0 . 6 6 2 .09
0 .0 47 1519 255 0 .5 4 2 .1 3
0 .0 37 1687 196 0 .43 2 .1 8
0 .032 1791 166 0 .37 2 . 2 2
0 .028 1902 140 0 .3 2 2 .28
0 .024 2 GQ3 1 2 0 0 .2 8 2.29
0 . 0 2 1 2123 1 0 1 0 .2 4 2 .34
0 .0 1 8 2244 08,4 0 . 2 0 2.39
0 .0 1 4 '2 4 0 0 _ _ ^ 8 0 .1 7 2 .45
0 . 0 1 2 Z550 054 0 .1 4 2 .51
0 .009 2753 041 0 . 1 1 2.60
0 .007 3036 029 0 .08 2.73
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